Odor hedonics: processing of male pheromones in the female mouse brain by DiBenedictis, Brett
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2014
Odor hedonics: processing of male
pheromones in the female mouse
brain
https://hdl.handle.net/2144/15418
Boston University
BOSTON UNIVERSITY 
 
GRADUATE SCHOOL OF ARTS AND SCIENCES 
 
 
 
 
Dissertation 
 
 
 
 
ODOR HEDONICS: PROCESSING OF MALE 
  
PHEROMONES IN THE FEMALE MOUSE BRAIN 
 
 
 
 
by 
 
 
 
 
BRETT THOMAS DIBENEDICTIS 
 
B.S., Trinity College, 2007 
 
 
 
 
 
 
Submitted in partial fulfillment of the 
 
requirements for the degree of 
 
Doctor of Philosophy 
 
2015  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2015 
 BRETT THOMAS DIBENEDICTIS 
 All rights reserved  
Approved by 
 
 
 
 
 
First Reader _________________________________________________________ 
 Michael J. Baum, Ph.D. 
 Professor of Biology 
 
 
 
 
Second Reader _________________________________________________________ 
 James A. Cherry, Ph.D. 
 Professor of Psychology 
 
 
	  	   iv 
ACKNOWLEDGMENTS 
 I first would like to extend my gratitude to my advisor, Dr. Michael Baum.  He 
has been a tremendous mentor and undoubtedly a positive influence on my scientific 
career.  I would also like to thank my co-advisor, Dr. James Cherry.  Both have 
challenged me to think deeply and critically about my work, a trait which has 
inadvertently extended beyond the laboratory and pervaded all aspects of my life.  Thank 
you also to my committee members, Dr. Jen-Wei Lin, Dr. Ian Davison, and Dr. Vincent 
Dionne for their insight and advice with my project. 
 I’d like to thank both current and former members of the Baum/Cherry Lab.  
Specifically, I’d like to thank my science sister, Elizabeth McCarthy, for her technical 
help as well as for her willingness to always lend an ear.  Thanks also to Tenzin 
Kunkhyen for ensuring that my time in the lab was never boring.  I’d also like to thank 
Dr. Ningdong (Cam) Kang for teaching me most of the laboratory techniques that made 
my project successful.  I also need to acknowledge Dr. Wayne Korzan as well as three 
talented undergraduates who have assisted me over the years: Kaitlin Ingraham, 
Alexander Helfand, and Adaeze Olugbemi.   
 I would be remiss if I didn’t thank my ex-advisor, but enduring mentor, Dr. Kent 
Dunlap for not only introducing me to the world of science as a curious undergraduate, 
but also for his continued interest in my social and professional life.  I would also like to 
thank my classmates: Iker Etchegaray, Kellie Cotter, Allison Timmons, Michelle 
Toomey, and Sarah Sullivan. 
	  	   v 
 I’d especially like to thank my parents, Nick and Dianne DiBenedictis, for their 
undying support over the years and belief in my abilities.  I also want to thank my 
brother, Nick DiBenedictis, and my sister, Monica Keane, as well as my late brother-in-
law, John Keane, and my sister-in-law, Carol DiBenedictis, as well as my nieces and 
nephews.  In particular, I’d like to thank my uncle, Thomas DiBenedictis, who has 
always been encouraging and supportive of my academic pursuits. 
 Lastly, I want to thank my girlfriend, Amanda Kulik, for above all others, always 
being in my corner and inspiring me to give my best.  Thanks coach! 
 
 
  
	  	   vi 
ODOR HEDONICS: PROCESSING OF MALE 
PHEROMONES IN THE FEMALE MOUSE BRAIN 
BRETT DIBENEDICTIS 
Boston University Graduate School of Arts and Sciences, 2015 
Major Professor: Michael J. Baum, Professor of Biology 
ABSTRACT 	   Female mice exhibit a hardwired preference to investigate pheromones released 
by male conspecifics.  The neural pathways that convey pheromonal inputs to brain 
regions controlling motivated behaviors remain largely unknown.  One brain region 
known to process pheromonal information conveyed via main- and accessory olfactory 
bulb inputs is the Medial Amygdala (Me), a limbic structure comprised of anterior (MeA) 
and posterior (MeP) subdivisions.   
Electrolytic lesions of the MeP blocked the normal preference of estrous female 
mice to investigate urinary odors emitted from breeding as opposed to castrated males 
whereas lesions of either the MeA or MeP significantly reduced females’ display of the 
receptive lordosis posture in response to male mounts.  Quantitative analysis of synaptic 
puncta in the efferent projection targets of these two amygdaloid subregions, visualized 
using fluorescent anterograde tract tracing techniques, revealed that the MeA and MeP 
differentially innervate several forebrain regions.  The medial olfactory tubercle (mOT; a 
component of the ventral striatum) receives dense monosynaptic input from the MeA and 
responds selectively to breeding male (but not female) soiled bedding volatiles, indexed 
by augmented FOS expression.  Using injections of the retrograde tracer, cholera toxin B 
	  	   vii 
(CTb), neurons were identified in the MeA and ventral tegmental area (VTA) that 
projected to the mOT in female mice and which also co-expressed FOS after exposure to 
breeding male, but not female, soiled bedding/urinary volatiles.  This suggests that the 
MeA and VTA convey opposite-sex (male) pheromonal information to the mOT.  
Bilateral dopaminergic lesions of the anteromedial VS (a region which includes the 
mOT) eliminated females’ preference for breeding male vs. female urinary pheromones, 
suggesting that dopaminergic modulation in the VS is necessary for the display of these 
behaviors.  Lastly, bilateral silencing of mOT neuronal firing by the activation of the 
inhibitory DREADD receptor, hM4Di, induced by intraperitoneal injection of its ligand 
(CNO), also disrupted females’ preference to investigate urinary odors from breeding 
males; this deficit was reversed when saline was administered instead of CNO.     
The Me, VTA, and mOT are essential segments of a neural reward circuit that 
motivates estrous female mice to seek out male pheromones, thereby facilitating mate 
recognition and reproductive success. 
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With the exception of humans and other old world primates, olfaction is arguably 
the most important sensory modality utilized by terrestrial mammals.  Rodents in 
particular rely heavily on their olfactory system for survival and reproduction, as it 
provides information about food, predators and potential mates.  While it is widely 
agreed that olfaction may have become secondary to the visual system in hominids, there 
have been a number of studies reporting that opposite sex chemosignals may play a 
significant role in human social communication (Gelstein et al., 2011; Zhuang et al., 
2009; Saxton et al., 2008; Savic et al., 2005).  However, the neural pathways that carry 
information about salient olfactory stimuli to higher brain regions remain largely 
unknown.  One important gateway to brain regions controlling sexually motivated 
behavior in mice is the Medial Amygdala (Me).  The murine Me responds specifically to 
both volatile and nonvolatile pheromonal stimuli released by individuals of the opposite 
sex (Kang et al., 2009; Samuelson & Meredith, 2009) and projects to many amygdaloid, 
hypothalamic and ventral striatal targets (Pardo-Bellver et al., 2012; Usunoff et al., 
2009). 	  A pheromone is a chemical signal released by an individual that elicits the display 
of specific innate behaviors and/or endocrine responses in the recipient (Karlson and 
Luscher, 1959; Brennan & Zufall, 2006).  The purpose of this thesis is to elucidate the 
neural circuitry underlying the hardwired preference for opposite sex (male) odors 
observed in estrous female mice.  It is hypothesized that functional interactions between 
the Me and specific regions the mesolimbic ‘reward’ pathway, including the ventral 
tegmental area (VTA) and medial olfactory tubercle (mOT) may represent components of 
the neural circuitry underlying these pheromone-driven hedonic behaviors.  
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MAIN OLFACTORY SYSTEM (MOS) 
 Low molecular weight volatile odorants are inhaled through the nares, pass 
through the nasal cavity and eventually reach the main olfactory epithelium (MOE).  
Here, these chemical compounds bind to G-protein coupled receptors on the cilia of 
bipolar olfactory receptor neurons (ORNs).  Each ORN expresses 1 of ~1000 possible 
receptor genes (Buck & Axel, 1991; Zhang et al., 2004), and these receptors are coupled 
with one of two G-proteins, Golf (Jones & Reed, 1989) or Gi2 (Wekesa & Anholt, 1999).  
Once an odorant binds to an olfactory receptor, the G-protein is activated, which in turn 
activates adenylate cyclase (Bakalyar & Reed, 1990; Trinh & Storm, 2003), whose 
function is to convert ATP into cyclic AMP (cAMP).  Rising intracellular concentrations 
of cAMP results in the opening of cyclic nucleotide gated ion channels (CNGs), allowing 
for the influx of Na+ and Ca2+ and, subsequently, depolarization of the ORN (Brunet et 
al., 1996).  Several molecules present in male urine have been discovered which are 
thought to be putative volatile pheromones.  These include (methylthio) methanethiol 
(MTMT), 2-(sec-butyl)-4,5-dihydrothiazole, and dehydro-exo-brevicomin.  The 
production of these male pheromones is androgen-dependent and they have been shown 
to cause both behavioral and physiological changes in female mice (Lin et al., 2005; 
Jemiolo et al., 1986).  In addition to canonical chemosensory receptors, a new class of 
trace amine associated receptors (TAARs) has been identified.   TAARs comprise an 
evolutionarily conserved family of receptors and are found in diverse vertebrates, 
including mice, zebrafish and humans (Ferrero et al., 2012).  TAAR agonists include 
biogenic amines secreted into urine.  For example, the TAAR4 agoinst, 2-
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phenylethylamine (PEA), is a carnivore odor that repels rodents while trimethylamine 
(TMA), a TAAR5 agonist, is a volatile pheromone released by male mice (Ferrero et al., 
2011; Liberles and Buck, 2006).  A subset of ORNs in the nasal epithelium express the 
transient receptor potential cation channel M5 (TRPM5).  This channel is opened by a 
phospholipase C (PLC) mediated pathway, which is thought to be driven by the binding 
of putative volatile pheromones to the olfactory receptor (Lin et al., 2004; Lin et al., 
2007).  Indeed, ORNs expressing the TRPM5 cation channel respond specifically to 
pheromonal odors (Lopez et al., 2014) and send second order input to the medial 
amygdala (Thompson et al., 2012), an area highly implicated in pheromone processing 
(see “medial amygdala” section).  Other evidence suggests that the TRPM5 channel may 
mediate the transduction of putative male pheromones under conditions of reduced 
chemosensory input (Oshimoto et al., 2013).  This work has important implications for 
the role of the main olfactory system in pheromone transduction.   
 Once an ORN is depolarized beyond threshold, an action potential is generated 
and travels from the ORN to a glomerulus in the main olfactory bulb (MOB).  Within the 
glomerulus, the axon terminals of the ORN make synaptic contact with the apical 
dendrite of secondary neurons, known as mitral and tufted (M/T) cells.  ORNs expressing 
the same receptor genes project to the same 1-2 mirror glomeruli, located on the lateral 
and medial surfaces of the MOB (Ressler et al., 1993; Vassar et al., 1994).  ORNs are 
activated in specific spatial and temporal combinatorial patterns based on the odorants 
they bind, which are transformed into a pattern of activated glomeruli in the MOB 
(Wachowiak et al., 2004).  This pattern of glomerular activation is subject to modification 
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by many intra-MOB sources before exiting the MOB.  Signal modification arises from 
interactions with other cells within the MOB including periglomerular (PG), granule, and 
external tufted (ET) cells.  PG cells are inhibitory, synthesizing γ-aminobutyric acid 
(GABA) and have been shown to play a role in center-surround inhibition by reducing 
mitral cell activation by neighboring glomeruli (Aungst et al., 2003).  Thus, the stronger 
the activation of a specific glomerulus, the greater the degree of inhibition exerted on 
neighboring glomeruli by PG cells (McGann et al., 2005).  Granule cells make contact 
with the basal dendrites of M/T cells in the external plexiform layer and serve to laterally 
inhibit M/T cells proximal to a strongly activated M/T cell.  This lateral inhibition is 
thought to sharpen the contrast of the output signal by dampening the activity of 
neighboring M/T cells (Mori et al., 1983).  ET cells make excitatory connections with 
ORNs and PG cells and project to mirror sites in the contralateral MOB (Liu & Shipley, 
1994; Belluscio et al., 2002; Zhou & Belluscio, 2008).  ET cells are thus thought to play a 
role in coordinating the activity of M/T cells in both hemispheres that receive inputs from 
homologous ORNs.  M/T cell projections form a bundle of axons that comprise the 
lateral olfactory tract (LOT).  These axons project to many sites in the rodent ventral 
telencephalon (Figure 1.1) including the taenia tecta (TT), anterior olfactory nucleus 
(AON), olfactory tubercle (OT), piriform cortex (PC), entorhinal cortex (Ent), and 
regions of the ‘olfactory amygdala’ including the anterior cortical amygdala (ACo) and 
posterolateral cortical (PLCo) nuclei (Scalia & Winans, 1975; Kevetter & Winans, 
1981b), though it is now understood that M/T cells originating in the ventral MOB also 
target regions of the ‘vomeronasal amygdala’ (see “functional and anatomical overlap 
	  	  
6 
between the main and accessory olfactory system” section).  A more thorough analysis of 
MOB M/T projections accomplished using a flattened cortex preparation, revealed a 
network of collaterals branching off the primary axon at several levels of the LOT, 
targeting piriform cortex.  This degree of axonal branching was not observed in AOB 
M/T cell projections (Kang et al., 2011a).  It is worth noting that although mitral and 
tufted cells are terms that are used interchangeably, they represent two different cell types 
that route distinct odor information and differentially target regions of olfactory cortex 
(OC).  Tufted cells focally target anterior PC, AON, and OT, while mitral cells 
dispersedly target all regions of PC, AON, OT, TT, EC, LOT, ACo and PLCo (Igarashi et 
al., 2012).    
ACCESSORY OLFACTORY SYSTEM 
 High molecular weight, non-volatile odorants are detected by the vomeronasal 
organ (VNO).  The VNO is a located directly above the roofplate, at the base of the nasal 
cavity where it is divided into two portions by the nasal septum.  It possesses an 
elongated crescent lumen, with vomeronasal receptor neurons (VRNs) located on the 
medial concave surface of the vomeronasal epithelium (VNE).  VRNs are the first order 
sensory neurons of the accessory olfactory system (AOS).  Large, non-volatile odorants 
dissolved in mucus are actively pumped into the VNO via the repetitive constriction and 
dilation of large blood vessels located in the VNE (Meredith, 1994; Meredith et al., 
1980).  Once inside the VNO, odorants bind to one of two types of VRNs:  V1Rs and 
V2Rs.  Cell bodies of V1R-positive VRNs reside in the apical layer of the VNE, 
coexpress Gαi2, and project to the anterior accessory olfactory bulb (AOB), while V2R-
	  	  
7 
positive VRNs reside in the basal layer, coexpress Gαo, and send axonal projections to the 
posterior AOB (Mori et al., 2000; Tirindelli et al., 2009; Mombaerts, 2004; Dulac & 
Torello, 2003; Halpern et al., 2003).  VRNs, when activated by an odorant ligand, initiate 
a chemoelectrical signal transduction cascade wherein PLC converts phosphatidylinositol 
biphosphate (PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG).  DAG is 
then converted to arachidonic acid (AA) and, in concert with IP3, opens the transient 
receptor potential cation channel C2 (TRPC2), allowing the concurrent influx of Na+ and 
Ca2+, effectively depolarizing the ORN (Chamero et al., 2012; Lucas et al., 2003; Stowers 
et al., 2002).  Recent work has sought to determine the biological function of intracellular 
Ca2+ increases caused by the opening of the TRPC2 cation channel.  New evidence 
suggests that intracellular Ca2+ increases functions as a negative feedback signal, 
regulating both sensory adaptation and opening probability of the TRPC2 channel (Spehr 
et al., 2009).  Intracellular Ca2+ also targets Ca2+-activated chloride channels, which work 
to amplify VRN responses and trigger action potentials even in the absence of the TRPC2 
channel, such as in TRPC2-knockout mice (Kim et al., 2011; Yang & Delay, 2010).  This 
phenomenon may explain the depolarization observed in VRNs in response to major 
histocompatibility complex (MHC) binding in TRPC2-knockout mice as well as well as 
the undisrupted display of the Bruce Effect, which requires a functional VNO (Kelliher et 
al., 2006).  Additionally, TRPC2-expressing sensory neurons have recently been found in 
the mouse MOE (Omura & Mombaerts, 2014), which has powerful implications for the 
interpretation of behavioral phenotypes of TRPC2 knockout mice, since TRPC2 
expression was previously thought to be specific to the VNO.  
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 In direct contrast to the MOS, individual M/T cells make dendritic contact with 
multiple glomeruli in the AOB that are apparently associated with different, but related 
V1Rs (Wagner et al., 2006).  GABAergic granule cells located in the granule cell layer of 
the AOB form inhibitory synapses with M/T cells, which provides feedback inhibition 
similar to that observed in the MOB (Jia et al., 1999).  Secondary projections of the AOS 
to the basal telencephalon, much like the MOS, lack the topography often observed in 
other sensory systems (Martinez-Ricos et al., 2008).  M/T cells in both the rostral and 
caudal AOB send axonal projections via the lateral olfactory tract (LOT) to the 
asscessory olfactory tract (AOT), bed nucleus of the accessory olfactory tract (BnAOT), 
the posteromedial cortical amygdala (PMCo), anterior (MeA) and posterior  (MeP) 
subdivisions of the medial amygdala (Me), and most subregions of the bed nucleus of the 
stria terminalis (BNST).  Tertiary projections from both the Me and BNST then reach 
hypothalamic nuclei including the dorsomedial (VMHdm) and ventrolateral (VMHvl) 
divisions of the ventromedial nucleus (VMH), as well as the medial preoptic area (MPA) 
(Winans & Scalia, 1970; Scalia & Winans, 1975; Davis et al., 1978; Kevetter & Winans, 
1981a; Halpern & Martinez-Marcos, 2003; Martinez-Ricos et al., 2008; Pardo-Bellver et 
al., 2012; DiBenedictis et al., 2014a).  The AOB also receives centrifugal projections 
from multiple forebrain sites, including the BNST, Me, BnAOT, and PMCo (Barber, 
1982; Fan and Luo, 2009; Martel and Baum, 2009a), and noradrenergic input from the 
locus coeruleus (LC) (Shipley et al., 1985; McLean et al., 1989).      
 The VNO is classically regarded as the ‘detector’ of non-volatile (high molecular 
weight) pheromones present in urine (Moss et al., 1997) and extraorbital lacrimal gland 
	  	  
9 
secretions (Kimoto et al., 2005).  The canonical view is that direct nasal contact with 
pheromonal odors is necessary for pheromone detection, though limited 
electrophysiological evidence in slice preparations has shown that VRNs may detect 
volatile odorants in vitro (Sam et al., 2001).  Additionally, mice with a non-functional 
MOE were able to detect certain volatile odors via the activation of VRNs (Trinh & 
Storm, 2003; Trinh & Storm, 2004).  While immediate early gene induction is reliably 
observed in the AOB following exposure to volatile components of urine (Martel & 
Baum, 2007), this effect is most likely due to centrifugal connections linking the MOB 
and AOB (Martel & Baum, 2009a).  Nonvolatile putative pheromones excreted by alien 
male mice have been shown to block pregnancy in female mice after mating, an effect 
that is abolished after VNO removal (Bruce, 1959; Lloyd-Thomas & Keverne, 1982; 
Kelliher et al., 2006).  Estrous synchrony in group-housed female mice and puberty 
acceleration in female mice exposed to male urinary odors are also VNO-dependent 
(Whitten, 1959; Vandenbergh, 1973).  VRNs have been identified that respond to urinary 
odors of specific strains of mouse based on major histocompatibility complex (MHC) 
class I peptides or major urinary proteins (MUPs) (Leinders-Zufall et al., 2004; Brennan, 
2004).  MUPs bind volatile constituents of urine and release them slowly over time, 
which has been shown to be important for scent marking and countermarking (Hurst and 
Beynon, 2004).  It appears that MUPs contribute to the activation of sexually dimorphic 
neural circuits in males and females.  For example, in wild female mice, the detection of 
the MUP known as Darcin (named after Mr. Darcy, the attractive hero in Jane Austen's 
novel “Pride and Prejudice”) mediates attraction to male urine marks, while other MUPs 
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have been implicated in individual recognition of male mice (Hurst et al., 2001).  
However, in male mice, MUP fraction detection has been shown to induce male-male 
aggression (Chamero et al., 2007).  Surprisingly, VNO-dependent predator odor-elicited 
defensive behaviors also involve members of the MUP family (Papes et al., 2010).  Thus, 
detection of MUPs by the VNO can apparently drive a range of distinct behavioral 
outputs.  Another class of nonvolatile pheromones known as the exocrine gland-secreted 
peptides (ESP) has also been identified.  ESP1, present in tears of male mice, enhances 
lordosis in female mice via the activation of the Vmn2r116 receptor (Haga et al., 2010).  
More recently, the juvenile mouse pheromone ESP22 has been shown to be necessary for 
the VNO-dependent inhibition of sexual behavior toward sexually immature mice in 
adult male mice (Ferrero et al., 2013).  Given the importance of the VNO in pheromone 
detection, it is not surprising that VNO dysfunction can cause profound behavioral 
consequences including deficits in motivation to seek out and investigate opposite-sex 
urinary odors as well as impaired lordosis behavior in female mice (Keller et al., 2006c; 
Martel & Baum, 2009b).  Additionally, male TRPC2 mutant mice showed reduced male-
male aggression, though mating performance was unaffected (Leypold et al., 2002).  
Most humans lack a functional VNO, and it is vestigial in those individuals who do 
possess it, as there is no evidence of vomeronasal nerves or an accessory olfactory bulb.  
Still, evidence suggests that pheromonal communication occurs in humans, and putative 
human pheromones have been identified, which likely function by engaging the human 
MOS (Meredith, 2001).    
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FUNCTIONAL AND ANATOMICAL OVERLAP OF THE MAIN AND 
ACCESSORY OLFACTORY SYSTEMS 
Anatomical studies during the early 1970’s generated the “dual olfactory 
hypothesis” (Raisman, 1972; Scalia & Winans, 1975; Winans & Scalia, 1970), according 
to which the olfactory (MOE–MOB–olfactory amygdala) and vomeronasal (VNO–AOB–
vomeronasal amygdala) systems constituted parallel axes through the forebrain that were 
believed to be involved in separate olfactory functions.  Under this view, the MOS is 
responsible for long distance detection of volatile environmental substances, whereas the 
AOS is responsible for short distance detection of nonvolatile substances (including 
pheromones) using an active pumping mechanism (Meredith & O’Connell, 1979).  Thus, 
while classically the olfactory and vomeronasal pathways were thought to run in parallel 
non-overlapping axes in the rodent forebrain, more recent data, including those gained 
from anatomical, functional, and behavioral studies, suggests that the distinction between 
these two systems is not as unequivocal as previously thought.   
The neural circuits that transduce pheromonal cues into sexually dimorphic 
behaviors are well documented.  Anatomical segregation of the MOS and AOS exists at 
the level of the MOE/VNE and MOB/AOB.  However, it is now understood that both the 
MOB and AOB send secondary M/T cell projections to many limbic nuclei considered to 
be part of the ‘vomeronasal amygdala.’  In the rat, simultaneous injections of different 
fluorescent dextran amines (anterograde tracers) in the AOB and MOB resulted in the 
occurrence of overlapping fiber terminals in ‘main olfactory recipient’ structures such as 
the nLOT, ACo, and cortex-amygdala transition zone, as well as in ‘vomeronasal 
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recipient’ structures including the ventral anterior amygdala (AAV), bed nucleus of the 
accessory olfactory tract (bnAOT), MeA and MeP.  Complete segregation of olfactory vs. 
vomeronasal inputs was observed only in the PMCo (vomernasal) and PLCo (main 
olfactory) (Pro-Sistiaga et al., 2007).  Using anterograde tracers, direct connections 
between MOB mitral cells and the Me were also found in sheep (Jansen et al., 1998), 
though anterograde tracers placed into the monkey MOB did not result in labeled fibers 
in the Me (Carmichael et al., 1994).  However, the possibility still exists that there are 
direct projections from the MOB to the Me in monkeys, since the authors only used 
anterograde tracers injected into the MOB and therefore may have missed specific MOB 
regions (such as the ventral MOB) where M/T cells are known to project to the Me in the 
mouse.  Furthermore, convergence of olfactory and vomeronasal information via indirect 
projections between olfactory and vomeronasal structures has also been described using 
both anterograde and retrograde tract tracing techniques (Price, 1987; Christensen & 
Frederickson, 1998).  Thus, the end result is the existence of significant overlap between 
MOB and AOB projection targets as well as tertiary interconnections between structures 
that comprise the ‘olfactory’ and ‘vomeronasal’ amygdala (Gutierrez-Castellanos et al., 
2010), discovered by the development and implementation of more sensitive tracers, such 
as the dextran amines.  This suggests that not only can the main olfactory system detect 
putative volatile pheromones, but also that there is integration between the MOS and 
AOS in downstream limbic and cortical projection targets. 
Functional evidence also lends credence to the apparent overlap between the main 
and accessory olfactory systems.  Using retrograde tract tracing techniques combined 
	  	  
13 
with a functional (FOS) readout, it was found that a subset of mitral cells in the ventral 
MOB that project to the Me were selectively activated (expressed FOS) by opposite-sex 
(male) urinary volatiles, but not by same-sex or predator odor volatiles in mice (Kang et 
al., 2009).  Thus, information about salient male odors in the form of volatile pheromones 
is transmitted directly from the MOB to the Me, wherein they gain privileged access to 
neural substrates that modulate appetitive/motivational and consummatory/sexual aspects 
of mate recognition and reproduction.  Urinary volatiles from the opposite-sex 
(presumably activating the MOS) induce FOS in the AOB via a pathway that requires a 
functional MOS in both male and female mice, likely involving centrifugal projections 
relayed through the MeA  (Barber, 1982; Martel & Baum, 2007; Martel & Baum, 2009a).  
Furthermore, male urinary volatiles stimulate FOS expression in classic ‘olfactory 
recipient’ as well as ‘vomeronasal recipient’ nuclei, including the Me, PMCo, and BNST 
(Kang et al., 2009; Martel & Baum, 2009).   
From a behavioral standpoint, VNO removal does not hinder the ability of male or 
female mice to discriminate between volatile plus nonvolatile odors from both sexes 
(Pankevich et al., 2004; Keller et al,. 2006a; Martel & Baum, 2009b).  However, VNO-
lesioned male and female mice lose their preference to investigate opposite-sex over 
same-sex nonvolatile odors when presented simultaneously (Pankevich et al., 2004; 
Keller et al,. 2006a; Martel & Baum, 2009b).  VNO removal also impairs lordosis 
behavior in female mice (Keller et al,. 2006a; Martel & Baum, 2009b) and rats 
(Rajendren et al., 1990), but does not appear to affect mating performance in male mice 
(Pankevich et al., 2004).  Relevant to this thesis, numerous studies point to the critical 
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involvement of the MOS in pheromone perception.  For example, MOE lesioning via 
ZnSO4 irrigation results in profound deficits in odor discrimination in male and female 
mice (Pankevich et al., 2004; Keller et al,. 2006a; Martel & Baum, 2009a) as well as in a 
loss of preference for testes-intact male soiled bedding over castrated male soiled bedding 
in female mice (Lloyd-Thomas & Keverne, 1982).  MOE disruption also negatively 
impacts various aspects of sexual behavior in males (Yoon et al., 2005; Keller et al., 
2006c) and lordosis behavior in female mice, independently of sexual experience (Keller 
et al., 2006b).  Moreover, nares occlusion in the female ferret (which physically blocks 
volatile olfactory input to the MOE) resulted in the elimination of the normal preference 
for male odors.  Further, nares-occluded females displayed no preference to approach an 
awake, male stimulus animal placed behind a transparent barrier.  Thus, there is a strong 
impact of MOE blockage on mate recognition in the female ferret (Kelliher & Baum, 
2001).  These deficits in sociosexual behaviors in mice, rats, and ferrets were apparent 
despite a functional AOS.  Taken together, these studies establish the obligatory role of 
the MOS in pheromone-driven sociosexual behaviors.  However, it should be noted that 
MOE disruption does not affect sexual behavior in male or female ferrets (Kelliher & 
Baum, 2001) or male rhesus monkeys (Michael & Keverne, 1968; Goldfoot et al., 1978).  
Overall, the current data (including the data presented in this thesis) supports the 
hypothesis that both the MOS and AOS contribute significantly to the perception of 
opposite-sex pheromones necessary for mate recognition and the display of sexual 
behavior. 
The renewed focus on the MOS in its ability to transduce pheromonal signals in 
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rodents may be relevant to humans, since humans lack a functional AOS (Knecht et al., 
2001, Knecht et al., 2003; Meredith, 2001; Witt & Hummel, 2006), yet appear to show 
physiological and behavioral responses to putative human pheromones, presumably via 
processing along the MOS.  For example, human male underarm volatiles applied to the 
upper lips of women subjects accelerate the next luteinizing hormone (LH) pulse and 
improve mood ratings (Preti et al., 2003).  Along these lines, Stern and McClintock 
(1998) demonstrated that cycling women exposed to underarm odorants collected from 
other women at different stages of the menstrual cycle either delayed or advanced the 
timing of their preovulatory LH surge.  The putative male underarm pheromone, 
androstadienone (AND) applied to the upper lip was found to induce hypothalamic 
activation (measured with PET) in heterosexual women and gay men, but not in 
heterosexual men or lesbian women (Savic et al., 2001; Savic et al., 2005; Berglund et 
al., 2006).  Additionally, application of AND (dissolved in a masking odor) to the upper 
lip of women in a speed dating event caused women to give men they encountered 
significantly higher attractiveness ratings than control women (Saxton et al., 2008).  
Furthermore, anosmic individuals appear to display enhanced social insecurity and are at 
increased risk for depressive symptoms (Croy et al., 2012).  Indeed, clinical depression 
often follows impairment of olfactory perception (Atanasova et al., 2010).  Thus, the 
olfactory system also seems to play an important role in human cognitive function.   
THE MEDIAL AMYGDALA 
 The Me is a limbic structure that processes incoming pheromonal information 
from both the MOB and AOB, making it the first site of convergence between the MOS 
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and AOS (Fan & Luo, 2009; Kang et al., 2009; Mohedano-Moriano et al., 2012).  Indeed, 
individual Me neurons can be driven by MOB and AOB inputs (Licht & Meredith, 1987).  
The Me is also interconnected with other cortical amygdaloid nuclei, including the ACo, 
PLCo, and PMCo and projects to downstream structures that both receive AOB input and 
regulate sociosexual behavior, such as the BNST, MPA and VMH (Maras & Petrulis, 
2010a; Pardo-Bellver et al., 2012; DiBenedictis et al., 2014a).  Importantly, the Me is 
further divided into at least 3 different subdivisions: the MeA, MePD, and MePV and 
evidence suggests that different Me subdivisions may perform different functions.  The 
MeA appears to be a ‘chemosensory zone,’ receiving direct projections from the MOB 
and AOB, while the MePD contains a high concentration of steroid (androgen and 
estrogen) receptor-containing neurons and receives less substantial chemosensory input.  
Thus, there is an apparent partitioning of chemosensory and steroid hormone-sensitive 
regions within the Me (Newman, 1999; Wood, 1997).  Yet, the MeA and MePD are 
densely interconnected (Maras & Petrulis, 2010a), providing a substrate whereby steroid-
sensitive and chemosensory subregions can interact to drive appropriate behavioral 
responses to pheromonal odors in light of the hormonal milieu.  Indeed, there are 
activational effects of sex steroids in the Me, though the vast majority of information on 
this subject stems from experiments conducted in male rodents.  For example, in 
castrated male rats and hamsters, copulatory (mounting) behavior as well as 
paracopulatory (chemosensory investigation of females) behaviors can be restored with 
an implant containing testosterone (or its metabolite, estradiol) delivered to the MePD, 
but not the MeA (Wood & Newman, 1995).  This effect was not observed in hamsters 
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given dihydrotestosterone (DHT) infusions in the MeP, suggesting that testosterone-
induced facilitation of mating behavior in the MeP of male hamsters is mediated by 
aromatization to estradiol (Wood, 1996).   
Sex differences in the anatomy of the Me as well as many of its projection targets 
also exist.  In rodents, androgen and estrogen receptors are distributed primarily within 
the MePD and in the adult rat these cell groups are sexually dimorphic with respect to 
nuclear volume, synaptic organization, and neurotransmitters.  The MePD is larger in 
males than in females (Nishizuka & Arai 1981, 1982; Cooke & Wolley 2005a,b), and 
shows an increased density of substance P (Malsbury & McKay, 1989) and vasopressin-
immunoreactive fibers (DeVries et al., 1985).  The MPA, BNST and VMH are major 
projection targets of the Me and have also been shown to have larger volumes in males 
than in females (Hines et al., 1985; Guillamon and Segovia, 1997; Chung et al., 2000).  
Very recently, it was shown that electrophysiological responses of MeP neurons to 
opposite-sex nonvolatile odors are sexually dimorphic, such that Me neurons are 
preferentially activated by opposite-sex (but not same-sex) odors in both male and female 
mice.  This strong sex preference of individual MeP neurons is likely sex hormone- 
(estrogen) dependent since Me neurons in males with life-long reduced levels of estrogen 
did not show the same response profile (Bergan et al., 2014).  This result is in line with 
earlier work, which reported significant impairments in social recognition in estrogen-
deficient male mice (Bakker et al., 2002). 
The MePD expresses the transcription factor, Lhx6 and sends inhibitory 
GABAergic projections to the MPA and VMHvl of the hypothalamus, thought to drive 
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reproductive behavior, while the MePV responds to defensive stimuli and sends 
excitatory glutamatergic projections to the VMHdm (to drive defensive behavior) as well 
as to the VMHvl to gate reproductive behaviors in the face of threatening stimuli (Choi et 
al., 2005).  Other than the aforementioned Me−VMH projections, very little information 
concerning the neurochemical phenotypes of Me neurons currently exists.  In male Syrian 
hamsters, electrolytic lesions of either the MeA or MePD eliminated opposite-sex odor 
preferences, however MeA lesions resulted in high levels of investigation toward both 
male and female odors, while subjects with MePD lesions displayed decreased attraction 
specifically toward female odors (Maras & Petrulis, 2006).  In estrous female mice, 
lesions of either the anterior or posterior Me resulted in deficits in lordosis behavior, but 
only lesions that included the posterior Me impaired subjects’ preference for testes-intact 
over castrated male urinary volatiles and volatiles plus nonvolatiles (DiBenedictis et al., 
2012).  Dichotomies in behavioral deficits observed between MeA and MeP lesioned 
animals may be in part reflective of differences in their downstream efferent projection 
targets.  Two recent studies (DiBenedictis et al., 2014a; Pardo-Bellver et al., 2012) have 
shown that the MeA and MeP indeed target downstream telencephalic nuclei with 
varying synaptic weights.  The MeA sends more projections (as measured by labeled 
synaptic puncta) to the medial olfactory tubercle (mOT) and horizontal diagonal band of 
Broca (HDB), while the MeP more densely innervates the intermediate (STMPI) and 
medial (STMPM) portions of the BNST as well as the PMCo.  Me projections to the 
ventral striatum (and particularly to the mOT) are especially relevant to experiments 
described in this thesis, as these projections are hypothesized to play a role in mediating 
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the reinforcing effects of opposite-sex odors.  Together, these findings indicate that the 
Me is a heterogeneous structure and a key node in the control of sociosexual behavior in 
rodents, targeting amygdaloid, hypothalamic, and ventral striatal regions essential for the 
display of these behaviors.  
THE OLFACTORY TUBERCLE 
 The olfactory tubercle (OT) is a heterogeneous brain structure, consisting of a 
medial forebrain bundle/ventral palladial portion, the islands of Calleja, as well as a 
striatal component.  It is both an integral part of the mesolimbic dopamine ‘reward’ 
system and plays a role in odor information processing, thus contributing to odor 
perception (Wesson & Wilson, 2010).  The OT is a major component of the olfactory 
cortex, a three layered cortical structure made up of the piriform cortex, the anterior 
olfactory nucleus, and the olfactory tubercle.  All three of these regions receive 
monosynaptic afferents from the main olfactory bulbs.  Though difficult to visually 
identify in humans, in rodents the OT is located along the basal forebrain and is identified 
as a large bulge seated between the LOT and optic chiasm (Millhouse & Heimer, 1984).  
The OT is considered part of the ventral striatum, as it is interconnected with the Acb and 
VP and shares likenesses with other striatal structures, including neuropeptide expression 
and cell morphology.  As mentioned, the OT, like the Acb, contains a striatal component 
comprised mostly of GABAergic medium spiny neurons (MSNs), which receive 
glutamatergic inputs from cortical structures as well as dopaminergic inputs from the 
VTA (Heimer, 1968; Heimer & Wilson, 1975; Ikemoto, 2010).  The OT is often divided 
into medial and lateral subdivisions, with the medial portion sometimes considered part 
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of the extended amygdala (Voorn et al., 2004).  The mOT, like the Acb, appears to be 
more responsive to the effects of dopaminergic drugs than the lOT, while the lOT 
receives the bulk of direct olfactory bulb M/T cell input (Ikemoto, 2010).  This 
dichotomy suggests that the mOT, like the Acb, is involved in the processing of 
salient/rewarding stimuli, while the lOT is concerned with odor processing and 
perception.  In support of this view, it was shown that rats more readily self-administer 
and form a conditioned place preference for cocaine and amphetamines into the mOT 
(but not the lOT) than into the Acb, an effect that is diminished by co-administration of 
dopamine receptor antagonists (Ikemoto, 2003; Ikemoto et al., 2005).  The mOT is 
densely interconnected with the mesolimbic ‘reward’ system, receiving projections from 
the rostral linear nucleus of the VTA (Del-Fava et al., 2007), Acb (Zahm & Heimer, 
1993), medial forebrain bundle (Gaykema et al., 1990) and the substantia nigra (Fallon et 
al., 1978).  Importantly, the mOT receives axonal inputs from the Me (Usunoff et al., 
2009; Pardo-Bellver et al., 2012; DiBenedictis et al., 2014a), PLCo (Ubeda-Banon et al., 
2007), PMCo (Ubeda-Banon et al., 2008) and the periamygdaloid cortex (Fallon, 1983b), 
thus the mOT may also play a role in processing pheromonal stimuli.  Given its 
connectivity and position within the VS, the OT has been hypothesized to play a 
significant role in odor hedonics/motivated behavior, social odor processing, and 
multisensory integration (Wesson & Wilson, 2011).  This thesis concerns the role of the 
medial portion of the OT in pheromone-driven hedonic behaviors, a subject about which 
very little is known.  A recent study (Agustin-Pavon et al., 2014) reported that 
electrolytic lesions of the medioventral striato-pallidum (mvStP), a region that includes 
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the mOT, abolished females’ innate attraction for male chemosignals.  Although these 
lesions were relatively large and also likely damaged fibers of passage, the data suggests 
that this region contributes to processing hedonic properties of salient opposite-sex odors 
in female mice.  
PURPOSE OF THESIS 
 I used electrolytic lesions of the anterior and posterior Me, anterograde tracer 
injections into the MeA and MeP, 6-OHDA lesions of the anteromedial VS, 
immunocytochemistry for FOS protein combined with retrograde tracer injections into 
the mOT, and DREADD receptor (hM4Di) induced silencing of the mOT to accomplish 
the following aims: 
1)  To compare the effect of electrolytic lesions aimed at either the anterior or 
posterior Me on the preference of estrous female mice for testes intact vs. castrated male 
urinary odors as well as to determine the effect of Me subnuclei lesions on lordosis 
behavior in response to male mounts in estrous female mice.  [Chapter 2]   
2) Using the anterograde dextran amine, Fluoro-Ruby, combined with quantification 
of resultant labeled synaptic puncta in downstream projection targets, quantitatively 
compare the extent of anterior and posterior Me projections in multiple forebrain target 
sites of the MeA and MeP.  [Chapter 3] 
3) Determine whether 6-OHDA-induced dopaminergic depletion in the anteromedial 
VS (mAcb; mAcb+mOT) abolishes the hardwired preference of estrous female mice for 
testes-intact over estrous female urinary odors.  [Chapter 4] 
4) Examine whether mOT-projecting neurons are preferentially activated by intact 
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male urinary volatiles, driving selective activation of the mOT in response to intact male 
urinary volatiles in estrous female mice and to determine whether reversible DREADD-
induced silencing of the mOT disrupts opposite-sex (intact male) urinary odor preference 
in estrous female mice.  [Chapter 5]   
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Figure 1.1: 
Ventral telecephalic forebrain projection targets of the main (MOS) and accessory (AOS) 
olfactory systems.  Olfactory receptor neurons (ORNs) in the main olfactory epithelium 
(MOE) bind odorant ligands and send axonal projections to the main olfactory bulb 
(MOB).  Mitral and tufted cells (M/T) in the MOB send direct projections to the taenia 
tecta (TT), anterior olfactory nucleus (AON), olfactory tubercle (OT), piriform cortex 
(pir), anterior medial amygdala (MeA), anterior cortical nucleus of the amygdala (ACo), 
posterolateral cortical nucleus of the amygdala (PLCo), and the entorhinal cortex (Ent).  
Vomeronasal receptor neurons (VRNs) in the vomeronasal organ (VNO) project to the 
accessory olfactory bulb (AOB), which in turn sends direct projections to the bed nucleus 
of the stria terminalis (BNST), MeA, posterodorsal medial amygdala (MePD), and the 
posteromedial cortical nucleus of the amygdala (PMCo).  Second order projections to the 
medial preoptic area (MPA) and the ventromedial hypothalamus (VMH) originate in the 
medial amygdala (Me) and BNST.  BNST inputs to the ventral tegmental area (VTA) and 
components of the ventral striatum, including the nucleus accumbens core (AcbC) and 
shell (AcbSh) activate the mesolimbic dopamine ‘reward’ system.  Adapted with 
permission from Pankevich et al., 2006. 
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CHAPTER TWO 
Disruption of urinary odor preference and lordosis behavior in 
  
female mice given lesions of the medial amygdala 	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ABSTRACT 
Previous research showed that axonal inputs to both anterior and posterior 
subdivisions of the medial amygdala from the main and accessory olfactory bulbs of 
female mice, respectively, process volatile and non-volatile pheromonal signals from 
male conspecifics.  In the present study we found that bilateral electrolytic lesions that 
included posterior portions, but not the anterior subdivision alone of the medial amygdala 
(Me) blocked the preference of estrous female mice to investigate volatile urinary odors 
from testes-intact vs. castrated males.  Similar results were obtained in separate tests in 
which nasal contact with urinary stimuli was permitted.  In addition, total time 
investigating volatile urinary stimuli was reduced in subjects with posterior Me lesions. 
Subjects were able to discriminate volatile urinary odors from testes-intact vs. castrated 
male mice, suggesting that this disruption of odor preference did not result from the 
inability of females given amygdaloid lesions to discriminate these male urinary odors. 
Bilateral lesions of the Me that were either restricted to the anterior or posterior 
subdivisions, or included areas of both regions, caused significant reductions in the 
display of lordosis behavior in estrous female mice.  Our results suggest that the Me is a 
critical segment of the olfactory circuit that controls both mate recognition and mating 
behavior in the female mouse. 
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INTRODUCTION 
 In rodents both appetitive and consummatory behaviors concerned with 
reproduction are mediated in large measure by chemosignals released from opposite sex 
conspecifics.  These chemosignals are detected and processed by two anatomically 
distinct olfactory systems, the main (MOS) and the accessory (AOS) olfactory systems. 
High molecular weight, non-volatile odors important for reproduction are detected by the 
vomeronasal organ (VNO) and processed by the AOS whereas low molecular weight, 
volatile odors are detected by the main olfactory epithelium (MOE) and processed by the 
MOS (Meredith, 1991; Restrepo et al., 2004; Baum & Kelliher, 2009).  Mitral cell 
efferents from the accessory olfactory bulb (AOB), part of the AOS, project directly to 
the ‘vomeronasal’ amygdala, which includes the medial amygdala (Me) and the posterior 
medial cortical amygdala (PMCO). These nuclei send projections to the ventromedial 
hypothalamus (VMH), bed nucleus of the stria terminalis (BNST), and medial preoptic 
area (MPA), hypothalamic regions critically important for mediating the effects of 
chemosignals on neuroendocrine as well as behavioral aspects of reproduction (Kevetter 
& Winans, 1981; Choi et al., 2005).  The Me also receives direct inputs from a subset of 
mitral/tufted projection neurons of the main olfactory bulb (MOB) (Pro-Sistiaga et al., 
2007; Kang et al., 2009).  As a result, volatile opposite-sex chemosignals can potentially 
gain direct access to the Me.  Consequently, there may be considerable functional overlap 
between the MOS and AOS in both sexes (Kang et al., 2009). 
A recent study (Haga et al., 2010) reported that the male mouse pheromone ESP1, 
found in lacrimal gland secretions, enhances lordosis behavior after its detection by the 
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VNO receptor, V2Rp5, and subsequent processing along the AOS.  This pheromone-
induced enhancement of lordosis was correlated with an increase in immediate early gene 
(c-fos) expression in the Me, PMCO, and several other forebrain areas of female mice.  
Several additional studies have shown that exposure to urine and/or soiled bedding (both 
non-volatile and volatile components) from male mice also increased FOS protein 
induction in neurons from the vomeronasal amygdala and other forebrain nuclei (Kang et 
al., 2009; Halem et al., 1999; Moncho-Bogani et al., 2005; Martel & Baum, 2007; Martel 
et al., 2007).  Female mice show a hard-wired preference to investigate non-volatile 
urinary odors from testes-intact vs. castrated male conspecifics, and this preference is 
blocked by surgical removal of the VNO (Keller et al., 2006a).  Likewise, female mice 
prefer to approach volatile urinary odors from testes-intact vs. castrated male mice, and 
this preference was blocked by chemical lesioning of the MOE (Keller et al., 2006b).  
Thus both the AOS and the MOS may contribute to heterosexual mate recognition and/or 
the motivation of female mice to seek out a male partner. 
As already explained, murine chemosignals detected by either the VNO or MOE 
can be conveyed to the Me, which includes anterior and posterior subdivisions.  These 
subnuclei of the Me are functionally connected (Maras & Petrulis, 2010a; Maras & 
Petrulis, 2010b), and it has been suggested that they play distinct roles in the processing 
of body chemosignals.  Thus, in male Syrian hamsters, the anterior Me has been 
implicated in the transmission of sexual odor information by acting as a “chemosensory 
filter” that distinguishes between opposite-sex and same-sex odorants (Maras & Petrulis, 
2006).  By contrast, the posterior Me, which includes a dense population of steroid 
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receptor-expressing neurons (Wood et al., 1992; Wood & Newman, 1993) may enhance 
subjects' motivation to seek out opposite-sex body odorants (Maras & Petrulis, 2010a).  
We extended this hypothesis to female mice by testing the effect of bilateral electrolytic 
lesions aimed at the anterior or posterior Me on subjects' preference to investigate either 
volatile or non-volatile urinary odors from testes-intact as opposed to castrated male 
mice, and to discriminate the urinary volatiles of males in these two endocrine states.  
Finally, we assessed the effects of different amygdaloid lesions on the expression of 
sexual receptivity (lordosis) in female mice.  In addition to mice in which lesions were 
restricted to posterior or anterior Me subdivisions, a third group was analyzed that 
included subjects in which lesion damage occurred along the anterior–posterior Me 
border (AP-Me lesions). 
MATERIALS AND METHODS 
Subjects: 
All procedures were approved by the Boston University Charles River Campus 
Institutional Animal Care and Use Committee.  Eighty-four female and 12 male (stimulus 
animals for lordosis testing) Swiss Webster mice (Charles River Laboratories, 
Wilmington, MA, USA) were purchased at 5–6 weeks of age and maintained on a re- 
versed 12:12 h light:dark cycle with food and water available ad libitum.  The policy at 
Charles River Farms for Swiss Webster mice is to remove the male from the cage of the 
pregnant female well before parturition occurs.  Therefore the females used in the present 
study had never had direct nasal access to breeding males prior to their arrival at Boston 
University.  Females were housed 4 per cage until 48 h prior to the start of behavioral 
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testing, whereupon they were housed individually.  Stimulus males were housed 
individually after receiving mating experience with an estrous stimulus female.  All 
behavioral testing was conducted under red light during the dark phase of the photoperiod 
and all behavioral tests were video-recorded.  Five days after arrival in the animal colony, 
female subjects underwent bilateral ovariectomy under 2% isoflurane anesthesia and 
were allowed 1 week to recover.  Subjects were given injections of analgesic (carprofen, 
5 mg/kg, s.c.) for two days after surgery.  In preparation for induction of lordosis in later 
behavioral testing, females were implanted subcutaneously at the back of the neck with 
polymeric silicone SILASTIC capsules (inner diameter, 1.57 mm; outer diameter, 2.41 
mm; length, 5 mm) packed with estradiol (E2; diluted 1:1 with cholesterol) at either the 
time of ovariectomy or 1 week later, upon the completion of electrolytic lesion or sham 
surgery. 
Urine collection: 
Urine used for odor preference and odor discrimination testing was collected from 
individual donor mice (testes intact and castrated male mice; 4–6 animals per group) 
using a metabolic cage collection system.  In preparation for urine collection, four group-
housed male mice underwent bilateral castration under 2% isoflurane anesthesia and were 
allowed 3 weeks to recover to ensure that circulating androgens had dissipated before 
urine was collected.  Intact male urine was collected from 6 testes-intact, group-housed 
male mice.  The pooled urine was then aliquoted into 1 ml vials according to endocrine 
status and stored at −80 °C. 
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Me lesion procedure: 
Female subjects were assigned to one of three groups: Sham lesion (n = 17), 
bilateral anterior medial amygdala lesion (Ant-Me; n = 7), or bilateral posterior medial 
amygdala lesion (Post-Me; n = 13).  For some subjects, lesions aimed at either the 
anterior or posterior Me were later discovered to have been placed along the border of 
these sites such that damage included portions of both areas bilaterally; these subjects 
were placed in a fourth group (AP-Me; n = 9). 
Subjects were anesthetized with ketamine (100 mg/kg) and xylazine (20 mg/kg) 
and the head was secured in a stereotaxic apparatus (David Kopf Instruments, Tujunga, 
CA, USA).  2% isoflurane was given continuously to ensure that animals remained under 
anesthesia for the duration of the surgery.  The skull was exposed and a small hole was 
drilled over each lesion site bilaterally.  Lateral coordinates were 2.0 mm for all lesions. 
Due to variability in the location of bregma observed in this outbred strain, A–P 
coordinates were calculated using the interaural line as a reference point: Ant-Me lesion, 
+ 3.2 mm from the interaural line; Post-Me lesion, + 3.0 mm from the interaural line.  A 
tungsten electrode (FHC, Bowdoin, ME, USA) was lowered into the brain to a depth of 
4.95 mm from the dura.  The electrode was left in place for 3 min before delivering a 200 
µA, 1 min cathodal lesion (Grass Instruments, Quincy, MA, USA).  After passing 
current, the electrode was left in place for 2 min before being slowly retracted.  Sham 
animals received identical treatment except that the electrode was lowered to a depth of 
4.25 mm and left in place for 5 min with no current being passed.  A–P coordinates for 
shams were either +3.2 mm (n=9) or +3.0 mm (n=7) from the interaural line.  Holes in 
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the skull were plugged with bone wax and the incision was closed by suture.  Animals 
were given an injection of carprofen (5 mg/kg, s.c.) immediately following surgery and 
allowed 1 week recovery before behavioral testing. 
Odor preference: 
Beginning one week after lesion or sham surgery, subjects were given two 5-min 
odor preference tests (separated by four days) conducted in their home cage.  Testing 
began 6 h into the subjects' dark cycle.  To induce a behavioral condition in which 
females are most responsive to the gonadal status of male subjects, an injection of 
progesterone (500 µg, s.c.) was administered 4 h before odor preference testing to 
subjects that were previously implanted with E2 capsules.  Ten minutes prior to testing, 
food and water were removed from the animal's home cage and the food hopper was 
cleaned with 70% ethanol.  A video camera with a night-vision function was used to 
record behavioral tests conducted in the dark under dim red light illumination.  Two 
separate two-choice odor preference test in which castrated and intact male urine were 
presented simultaneously were given.  In the first test (non-contact), 20 µl of testes-intact 
male urine or castrated male urine was pipetted onto filter paper secured to a small plastic 
weigh boat, and the two stimuli were then placed 10 cm apart in the food hopper.  Direct 
nasal contact was prevented by placing wire mesh between the odor stimulus and the 
subject, thus allowing access to only volatile urinary stimuli.  Time spent sniffing each 
stimulus was recorded using a stopwatch by an observer blind to the lesion status of the 
subject.  Olfactory investigation was scored whenever the subject sniffed actively with its 
nose within 1 cm of the stimulus.  A second test, conducted four days later, was carried 
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out in a similar manner except that the wire barrier was removed, thus providing direct 
nasal access to the two stimuli.  Subjects again received progesterone (500 µg, s.c.) 4 h 
prior to testing.  Two analyses were performed.  First, time spent investigating intact 
male urine minus the time spent investigating castrated male urine was determined for 
each test, and one-sample t-tests were used to determine whether these difference scores 
were significantly different from zero.  One-way ANOVAs (followed by Fisher's LSD 
post hoc tests) were then used to assess treatment group effects on these difference scores 
for the nasal contact and non-contact tests.  A second analysis (one-way ANOVAs 
followed by Fisher's LSD post hoc tests) examined whether the total time spent 
investigating either stimulus differed between treatment groups for the nasal contact and 
non-contact tests.  For two subjects, non-contact odor preference data were lost due to 
equipment error, yielding a final sample size for the non-contact preference test of n = 15 
(Sham), n = 10 (Ant-Me), n=15 (Post-Me), n=8 (AP-Me) and n=16 (Sham), n=10 (Ant- 
Me), n = 16 (Post-Me) and n = 8 (AP-Me) for the nasal contact preference test. 
Odor discrimination: 
To verify that subjects could discriminate between testes-intact and castrated male 
urinary volatiles, subjects underwent a home cage habituation/dishabituation test as 
previously described (Martel & Baum, 2009b; Baum & Keverne, 2002).  Subjects did not 
receive progesterone prior to these tests. 
Lordosis: 
Two weeks after the odor discrimination test, female-typical lordosis behavior 
was observed in four separate tests that took place every 4 days with a different testes-
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intact, sexually experienced stimulus male mouse.  On the day of each test, progesterone 
(500 µg, s.c) was administered to subjects 4 h before being introduced into the home cage 
of a stimulus male.  Mice were observed for 20 min or until 10 mount attempts were 
received from the stimulus male, and the number of times the female subject showed 
lordosis (defined by the display of an upward pointing snout and arched back posture 
upon being mounted by the male) was scored.  A lordosis quotient (number of lordosis 
responses shown divided by the total number of male mounting attempts) was calculated 
for each subject.  Lordosis quotients were averaged over the four tests and group means 
were compared using a one-way ANOVA (followed by the Fisher's LSD post hoc test). 
Five of 84 mice (Sham=2, Ant-Me=1, Post-Me=1, Ant-Post Me=1) did not receive 
lordosis testing because they died prior to the beginning of testing. 
Histology: 
Two to four days following the conclusion of behavioral testing, subjects were 
anesthetized with sodium pentobarbital (100 mg/kg) and underwent transcardiac 
perfusion with 0.1M phosphate- buffered saline (PBS, pH 7.4) followed by 4% 
paraformaldehyde in 0.1 M PBS.  Brains were removed, post-fixed in paraformaldehyde 
for 2 h, and subsequently cryoprotected in 30% sucrose in 0.1 M PBS for 24 h. 
Forebrains were isolated, frozen in OCT (Tissue-Tek; Sakura Finetek USA Inc., 
Torrance, CA, USA) and stored at −80 °C.  Coronal (30 µm) sections were collected 
using a cryostat and stored free-floating in PBS at 4 °C until mounting on gelatin-coated 
slides.  Sections were stained with cresyl violet and coverslipped with Permount (Fisher 
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Scientific, Pittsburgh, PA, USA), and the size, extent and location of lesion damage for 
each subject were determined with the aid of a mouse atlas (Franklin & Paxinos, 2008). 
RESULTS 
Odor preference tests: 
A preference for urinary volatiles from intact vs. castrated males was displayed by 
Sham (t(14) = 5.9, p<0.001), Ant-Me (t(6) = 8.5, p<0.001) and Post-Me (t(14) = 5.9, 
p<0.001) subjects, whereas AP-Me females showed no preference (t(8) = 1.5, p>0.05) 
(Fig. 2.1A).  Differences in time investigating volatiles from intact as opposed to 
castrated male urine were significantly affected by lesion group (F(3,40) = 6.099; 
p<0.05); specifically, Post-Me and AP-Me females displayed reduced preferences for 
intact male urine in comparison to Sham and Ant-Me groups (Fisher's post hoc test, 
p>0.05). 
Similar results were obtained when mice were allowed physical contact with 
urinary stimuli (Fig. 2.1B).  Statistically significant preferences were seen for intact over 
castrated male urine for Sham (t(15) = 3.9, p<0.001), Ant-Me (t(6) = 2.9, p<0.05) and 
Post-Me (t(12) = 2.2, p<0.05) groups, but not for AP-Me females (t(8) = 1.3, p>0.05). 
One-way ANOVA indicated that the degree of preference depended on lesion group 
(F(3,41) = 2.861; p>0.05).  Although mean differences in intact vs. castrated male 
investigation times were reduced relative to Shams in both Post-Me and AP-Me groups, 
post hoc analysis determined that this reduction was significant only for AP-Me (p>0.05). 
In general, total time investigating urinary stimuli was not affect- ed by lesion 
status, with one exception. For the volatiles-only test (Fig. 2.2A), overall investigation 
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time was significantly reduced in Post-Me mice in comparison to Shams (F(3,40) = 
4.453; p<0.05; Fisher's post hoc test, p<0.05). There were no group differences in total 
investigation times in tests where nasal contact with the stimulus was permitted 
(F(3,40)=0.915; p>0.05) (Fig. 2.2B). 
Odor discrimination: 
To control for the possibility that lack of preference for any odor was due to 
deficits in olfactory discrimination, subjects underwent habituation/dishabituation testing 
for urinary volatiles (i.e., presented outside the home cage; Fig. 2.3).  Subjects in all 
groups successfully dishabituated from the final presentation of water to the first 
presentation of castrated male urinary volatiles as well as from the final presentation of 
castrated male urine to the first presentation of intact male urine.  To examine whether 
there were group differences in level of investigation of different urinary cues, one way 
ANOVAs were performed on the first dishabituation score for each urinary stimulus.  No 
significant group differences were found (F(3,42) = 1.412, p>0.05 for castrated male 
urine; F(3,42) = 0.780, p>0.05 for intact male urine).  Thus, an intact Me is not required 
for females to distinguish between urinary volatiles of males in different endocrine states. 
Lordosis: 
Lordosis quotients averaged over 4 separate tests were significantly reduced by 
Me lesions (F(3,42) = 4.616; p<0.05; Fig. 2.4).  Post hoc tests revealed that all Me lesion 
groups differed significantly from Shams but not from each other. 
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Confirmation of lesions: 
Subjects were used in this study only if the appropriate regions of the Me were 
damaged by lesions bilaterally (Fig. 2.5).  For some subjects in the Ant-Me and Post-Me 
groups (n = 2 and n = 3, respectively), lesion damage was found to extend into both Me 
subdivisions in one hemisphere. Subjects remained in the study in these cases because 
damage to the anterior and posterior regions was unilateral.  Similarly, there were some 
subjects in which lesions extended beyond the anterior and posterior Me.  Such subjects 
were included only if damage to any of these adjacent regions was minimal and 
unilateral.  Animals that sustained appreciable bilateral damage to any of the adjacent 
amygdaloid nuclei were excluded from the study, as were several animals that sustained 
bilateral damage to the ventral surface of the brain. 
DISCUSSION 
Bilateral lesions that included the posterior Me (Post-Me and AP- Me groups) 
significantly reduced the typical preference shown by estrous female mice for 
investigating volatile urinary odors from breeding, as opposed to castrated males, with 
similar trends being seen in tests where nasal contact with stimuli was permitted.  In 
addition, the total amount of time spent investigating either stimulus in the two-choice 
test of urinary volatiles was reduced in mice that received posterior Me lesions.  In 
contrast, lesions restricted to the anterior Me failed to disrupt either females' preference 
for investigating intact male urinary odors, or the total amount of time spent in nasal 
investigation of urinary cues.  In all three lesions groups (Ant-Me, Post-Me and AP-Me), 
however, display of lordosis was significantly reduced compared to sham females.  These 
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observations suggest that the posterior, but not the anterior, Me may be critical for 
enabling female mice to show preferences for urinary volatiles from males in breeding 
condition, whereas both Me subdivisions are essential for lordosis. 
Estrous females' preference for testes intact over castrated male urinary odors 
suggests that there are changes in the chemical profile of urine after castration.  While to 
our knowledge, a full characterization of urine from testes intact and castrated male mice 
has not been published, there is some evidence that differences exist.  For example, the 
putative male urinary pheromone (methylthio) methanethiol (MTMT) is innately 
attractive to female mice, is found in high concentrations in breeding (testes-intact) male 
urine, and is not present after castration (Lin et al., 2005). Two known volatile 
constituents of male urine, 2-(sec-butyl)-4,5-dihydrothiazole and dehydro-exo-
brevicomin are found only in testes-intact male urine, their production is androgen 
dependent, and they have been shown to promote the Whitten effect (induction of estrous 
cycle in females) (Jemiolo et al., 1986).  Both isoamylamine and trimethylamine, which 
are ligands for trace amine-associated receptors (TAARs), have been found in high 
concentrations only in testes-intact male mice, and isoamylamine can accelerate puberty 
onset in female mice (Liberles & Buck, 2006; Nishimura et al., 1989).  Meanwhile, there 
have been no reports that castration results in an increase in any chemical constituents 
relative to gonadally intact males. 
The finding that lesions of the posterior Me decreased both the preference for 
volatiles from intact vs. castrated male urine as well as total investigation time suggests 
that an assessment and/or an establishing of the salience of urinary volatiles requires the 
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posterior Me.  Although it has been known for many years that the vomeronasal 
projection pathway that responds to non-volatile chemosignals passes through the Me en 
route to hypothalamic targets, until recently it had not been clearly demonstrated that the 
rodent Me receives direct projections from mitral cells in the main olfactory bulb (Pro-
Sistiaga et al., 2007; Kang et al., 2009).  In addition, in mice, Me-projecting mitral cells 
showed selective activation by opposite-, as opposed to same-sex urinary volatiles (Kang 
et al., 2009), suggesting that targets in the Me receive particular patterns of activation 
depending on the urinary cue.  More work will be required to determine if preference for 
the urinary volatiles of testes-intact vs. castrated male mice involves differences in the 
activation of Me-projecting mitral cells. 
Examination of the projections from the anterior and posterior portions of the Me 
suggest that differential processing of olfactory information by these structures may be 
due in part to differences in their downstream targets.  A report by Choi and others (Choi 
et al., 2005) described the differential expression of LIM homeodomain genes in different 
subnuclei of the Me.  The transcription factor Lhx6 was found to be expressed in neurons 
located primarily in the posterodorsal portion of the Me, and these neurons projected to 
targets in the hypothalamus involved in reproduction (e.g., ventrolateral part of the VMH 
and the medial preoptic nucleus) (Choi et al., 2005; Newman, 1999).  Meanwhile Lhx9-
expressing neurons were found in the posteroventral Me and projected to sites in the 
hypothalamus that are linked to defensive behaviors (e.g., dorsomedial part of the VMH 
and the anterior hypothalamic nucleus) (Choi et al., 2005; Canteras, 2002).  Anterior Me 
neurons that express Lhx5 were also found to project to these “defensive” hypothalamic 
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nuclei (Choi et al., 2005).  Future studies will seek to determine if subnuclei in the Me 
also differentially project to ventral striatal regions involved in reward. 
It is noteworthy that the female mice used in the present study had not previously 
had nasal contact with a sexually mature male prior to first being exposed to volatile male 
urinary odors.  The fact that sham-operated as well as Ant-Me females showed a robust 
preference for volatile urinary odors from a testes-intact vs. a castrated male suggests that 
this preference was expressed in the absence of any previous association with non-
volatile urinary odors otherwise detected by the VNO-accessory olfactory system.  As 
such, our results differ from observations (Martinez-Ricos et al., 2008; Martinez-Garcia 
et al., 2009; Ramm et al., 2008) that volatile male-derived olfactory signals are not 
intrinsically attractive to females but instead become attractive only after being paired 
with non-volatile male pheromones that are processed via the VNO-accessory olfactory 
pathway. 
In general, the present data corroborates previous reports of olfactory deficits after 
Me lesions in female hamsters (Petrulis & Johnston, 1999) and rats (Kondo & Sakuma, 
2005).  Male hamsters that received lesions targeted at either the anterior or posterior Me 
showed a reduced preference for volatiles from female-soiled over male-soiled bedding 
in Y-maze tests (Maras & Petrulis, 2006).  By contrast, male hamsters that received 
anterior Me lesions spent more time than sham-operated controls investigating both 
odors.  It was concluded that such high levels of investigation toward both stimuli 
reflected males' inability to categorize the relevance of odor stimuli. Furthermore, it has 
been observed in rats that lesions of the entire Me diminished the preference for testes-
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intact over castrated male volatiles in females in which air was blown over a stimulus 
male into the female compartment (Kondo & Sakuma, 2005).  In the present study, 
female mice that received anterior Me lesions did not spend more time investigating both 
odors when compared to sham females.  In addition, they did not show any deficits in 
their preference for testes-intact over castrated male urine, regardless of whether or not 
they had direct nasal access to the stimuli.  These differences may reflect species and/or 
sex differences in the functional anatomy of the anterior Me.  Alternative explanations 
are that these differences could be due to the disparity in the type of odor stimuli used 
(bedding vs. urine) or the types of odors presented (same vs. opposite sex bedding; testes- 
intact vs. castrated male urine). 
When nasal contact with urine was permitted, both sham-operated and Ant-Me 
females showed a robust preference for urinary odors from a testes-intact as opposed to a 
castrated male; conversely, lesions along the anterior-posterior Me border significantly 
reduced this preference, and a similar, though non-significant trend was observed in 
females given lesions of the posterior Me.  Previous studies have shown that lesions of 
the VNO (Keller et al., 2006c) or of the AOB (Martinez-Ricos et al., 2008) eliminated the 
preference of female mice to investigate non-volatile urinary odors and/or soiled bedding 
odors from testes-intact vs. castrated males.  Our results imply that some AOB mitral 
cells target sites along the anterior–posterior border of the Me, and that processing of 
these inputs plays an essential role in females' decision to seek out a reproductively active 
male.  It is unlikely that the absence of a preference to investigate either volatile or non-
volatile urinary odors from testes-intact males in AP-Me and/or Post-Me females reflects 
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an inability to discriminate these odors from those emitted by a castrated male because 
females in all four treatment groups showed robust, significant dishabituation responses 
towards urinary volatiles from castrated males followed, later, towards urinary volatiles 
from testes-intact males. Nevertheless, we cannot exclude the possibility that detection of 
certain subsets of odors was selectively affected by lesions. 
Bilateral lesions located in any of the three regions of the Me caused a significant 
reduction in lordosis responses in ovariectomized female subjects previously primed with 
ovarian hormones. Indeed, several other studies have shown that either VNO lesions 
(Keller et al., 2006c) or AOB lesions (Martel & Baum, 2009b) significantly reduced 
lordosis behavior in estrous female mice.  It should be noted, however, that chemical 
lesions of the MOE, which spared VNO sensory neurons, also caused significant 
reductions in the lordosis responses of estrous female mice (Keller et al., 2006b).  It was 
recently suggested (Haga et al., 2010) that the male tear pheromone, ESP1, augments 
lordotic responsiveness in female mice following its detection by the VNO and 
processing along the AOS input pathway to the hypothalamus.  In so far as mitral cells in 
the both the AOB and the MOB target several subregions of the Me in mice (Kang et al., 
2009; Kang et al., 2011a), it is possible that both systems detect the relevant pheromonal 
stimuli (including ESP1) and provide widespread inputs to the Me, all of which are 
required for the normal ability of estrous female mice to display lordosis in response to 
male mounts.  Presumably these olfactory inputs sensitize females to the lordosis-
inducing effects of flank stimulation received at the time of mounting.  Future research 
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will specify sites in the nervous system where these olfactory, hormonal, and 
somatosensory inputs are integrated to facilitate the expression of lordosis. 
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Figure 2.1: 
A, B, effect of bilateral Me lesions (Ant-Me, Post-Me, AP-Me) on the preference of 
ovariectomized, estradiol and progesterone-primed female mice to investigate urinary 
odors from castrated male versus testes-intact male mice presented simultaneously in the 
subjects' home cage.  A, subjects' preference for volatile urinary odors presented outside 
the home cage (non-contact) and B, subjects' preference for volatile + non- volatile 
urinary odors presented inside the home cage (nasal contact).  Data are represented as the 
average (±SEM) time spent sniffing intact male urine minus the time spent sniffing 
castrated male urine for each group.  Different letters above columns in each group 
indicate statistically significant differences from each other (1-way ANOVA followed by 
Fisher's LSD test).  The number of subjects in each group is given in parentheses. 
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Figure 2.2: 
 
A, B, effect of bilateral Me lesions (Ant-Me, Post-Me, AP-Me) on the total amount of 
time ovariectomized, estradiol and progesterone-primed female mice spent investigating 
male urinary odors.  A, total amount of time subjects spent investigating intact male + 
castrated male urinary volatiles (non-contact).  B, total amount of time subjects spent 
investigating intact male + castrated male urinary volatiles and nonvolatiles (nasal 
contact).  Data are represented as the average (±SEM) time spent sniffing intact male 
urine + the average time spent sniffing castrated male urine for each group.  Different 
letters above columns in each group indicate statistically significant differences from 
each other (1-way ANOVA followed by Fisher's LSD test).  The number of subjects in 
each group is given in parentheses. 
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Figure 2.3: 
 
Effect of bilateral Me lesions (Ant-Me, Post-Me, AP-Me) on the ability of 
ovariectomized, estradiol-treated female mice to discriminate between volatile urinary 
odors (presented outside the home cage) from castrated and testes-intact male mice, 
respectively. *, #, †, ‡ p>0.003, Student's t-test comparisons with the third presentation of 
the previous stimulus for each of the respective groups.  The number of subjects in each 
group is given in parentheses. 
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Figure 2.4: 
 
Effect of bilateral Me lesions (Ant-Me, Post-Me, AP-Me) on lordosis quotients in 
ovariectomized, estradiol and progesterone-primed female mice.  Different letters above 
columns in each group indicate statistically significant differences from each other (1-
way ANOVA followed by Fisher's LSD test).  The number of subjects in each group is 
given in parentheses. 
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Figure 2.5: 
 
Schematic reconstruction of coronal sections of the largest (light gray) and smallest (dark 
gray) extent of lesion damage in female mice given bilateral medial amygdala lesions of 
the anterior (Ant-Me; n=10) or posterior (Post-Me; n=16) subdivisions, or along the 
anterior–posterior border (AP-Me; n=9).  Sections are ordered sequentially from anterior 
(top) to posterior (bottom), with the numbers shown representing the distance in mm 
posterior to bregma for each section.  Adapted from Franklin and Paxinos (2008). 
 
	  	  
49 
 
 
 
 
 
 
 
CHAPTER THREE 
A quantitative comparison of the efferent projections of the anterior  
 
and posterior subdivisions of the medial amygdala in female mice 
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ABSTRACT 
 In rodents, many aspects of sociosexual behavior are mediated by chemosignals 
released by opposite-sex conspecifics. These chemosignals are relayed via the main 
(MOS) and accessory olfactory systems (AOS) to the medial amygdala (Me). The Me is 
subdivided into anterior (MeA) and posterior (MeP) subnuclei, and lesions targeting these 
regions have different effects on proceptive courtship behaviors in female mice. 
Differential behavioral effects of MeA vs. MeP lesions could reflect a difference in the 
projections of neurons located in these Me subnuclei. To examine this question, we 
injected female mice with the anterograde tracer, Fluoro-Ruby into either the MeA or 
MeP and quantified labeled puncta in 11 forebrain target sites implicated in courtship 
behaviors using confocal fluorescence microscopy. We found that the MeP more densely 
innervates the medial and intermediate regions of the posterior bed nucleus of the stria 
terminalis (pBNST) and the posteromedial cortical amygdala (PMCo), while the MeA 
more densely innervates the horizontal diagonal band of Broca (HDB) and the medial 
olfactory tubercle (mOT), a region that may be a component of the circuitry responsible 
for olfactory-mediated motivated behaviors. 
 
 
 
 
 
 
	  	  
51 
INTRODUCTION 
 Female mice prefer to seek out and investigate pheromonal odors released by 
male conspecifics, even in the absence of prior experience with those odors.  These 
chemosignals are detected and processed by two separate olfactory systems, the main 
(MOS) and accessory (AOS) olfactory systems, which detect primarily volatile and non-
volatile body odor cues, respectively.  Both the MOS and AOS contribute to the normal 
display of sociosexual behaviors in female mice (Keller et al., 2006a, 2006b; Martel & 
Baum, 2009b).  Female urinary stimuli that activate either the MOS or the AOS are 
sufficient to establish a conditioned place preference in male mice, suggesting that either 
olfactory system suffices to mediate the rewarding effects of opposite-sex odors (Korzan 
et al., 2013). 
The medial amygdala (Me) is a critical node of convergent inputs from the MOS 
and AOS.  Both the main and accessory olfactory bulbs send direct projections to the Me; 
Me-projecting mitral cells in the ventromedial portion of the main olfactory bulb of 
female mice are preferentially activated by opposite-sex urinary odors, suggesting that 
this circuit may relay sexually relevant olfactory information to the Me (Kang et al., 
2009). The Me includes anterior, posterodorsal and posteroventral subdivisions, and it 
has been proposed that these subnuclei play distinct roles in the processing of conspecific 
body odors.  In male Syrian hamsters, the anterior Me (MeA) acts as a “chemosensory 
filter” that distinguishes between opposite-sex and same-sex odorants (Maras and 
Petrulis, 2006), while the posterodorsal Me (MePD), which includes a dense population 
of steroid receptor-expressing neurons (Wood & Newman, 1993), enhances male 
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hamsters' attraction toward female hamster body odorants.  More recently, we found that 
in estrous female mice, lesions targeting only the MeP eliminated females' motivation to 
preferentially approach urinary odors from testes-intact, as opposed to castrated males, 
whereas lesions of either the MeA or MeP reduced females' lordotic responses to male 
mounts (DiBenedictis et al., 2012). 
We hypothesized that the ability of MeP, but not MeA, lesions to disrupt the 
normal preference of female mice for male chemosignals would be reflected in 
differences in the downstream projection targets of these two amygdalar subnuclei.  Two 
recent studies examined differences in the efferent projections of Me subdivisions in mice 
(Pardo-Bellver et al., 2012; Usunoff et al., 2009).  One of these studies (Pardo-Bellver et 
al., 2012) used a small number of subjects (n=2 in one group) with no quantitative index 
of the strength of efferent Me projections; the other study (Usunoff et al., 2009) examined 
the MePD but provided no assessment of MeA projections.  Here, we largely confirmed 
and extended the results of Pardo-Bellver et al. (2012) in outbred (Swiss Webster) female 
mice using a method of analysis that allowed for a quantitative assessment of MeA vs. 
MeP projections to downstream forebrain projection targets.  We found that the MeA and 
MeP differentially target several forebrain sites implicated in motivated behaviors, 
including the posterior BNST (pBNST) and medial olfactory tubercle (mOT). 
MATERIALS AND METHODS 
 Thirty-five ovary-intact female Swiss Webster mice (Charles River Laboratories, 
Wilmington, MA, USA) were purchased at 5–6 weeks of age and maintained on a 
reversed 12:12 h light: dark cycle with food and water available ad libitum.  All 
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procedures were approved by the Boston University Charles River Campus Institutional 
Animal Care and Use Committee.  Female subjects used for quantitative analysis were 
assigned to one of two groups: MeA Fluoro-Ruby-injected or MeP Fluoro-Ruby-injected. 
Subjects were injected with tracer in both hemispheres to maximize the probability of 
obtaining an accurate injection.  However, projections were quantified only within a 
single hemisphere for each animal, and only mice with accurate injections in either the 
MeA (n=6) or MeP (n=6) were included in this study.  Mice with inaccurate injection 
placement and/or appreciable spread of the anterograde tracer into adjacent amygdaloid 
nuclei were excluded (n=21). 
Subjects were administered carprofen analgesic (5 mg/kg, s. c.) preoperatively 
and for 2 days after surgery.  Mice were anesthetized under continuous 2% isoflurane 
vapor, and the head was secured in a stereotaxic apparatus (David Kopf Instruments, 
Tujunga, CA, USA).  A midline incision was made to expose the skull, and a small hole 
was then drilled bilaterally over each injection site.  For both MeA- and MeP- injected 
animals, lateral coordinates were 2.0 mm and depth coordinates (from dura) were 4.7 
mm. Anterior-Posterior (from interaural line) coordinates were 4.0 mm (MeA) and 2.7 
mm (MeP).  A pulled glass micropipette (20 µm tip diameter) filled with the fluorescent 
anterograde tracer, Fluoro-Ruby (Tetra- methylrhodamine, 5% in 0.01 M PB, pH 8.0, 
Molecular Probes), was lowered into either the MeA or MeP. Next, a (+5µA) pulsatile 
cathodal current (7 s on, 7 s off) was passed for 2 min to deliver the tracer 
iontophoretically.  The electrode was then retracted while passing a constant (-5µA) 
anodal current.  A separate group of animals received dual anterograde tracer injections 
	  	  
54 
in the MeA and MeP (n=3): the anterograde tracer, PHA-L (2.5% in 0.01 M PB, pH 8.0) 
was injected into the MeA, and Fluoro-Ruby was injected into the MeP within the same 
hemisphere.  Data were not collected from these mice; they were used only to depict 
qualitatively the overlap in MeA vs. MeP projections shown in Fig. 3.3. Holes were 
covered with bone wax, and the incision was closed by suture and treated with 2% topical 
lidocaine.  Five days after surgery, subjects were perfused and their brains were 
subsequently removed, fixed, cryoprotected and sectioned coronally at 30 µm using a 
cryostat (DiBenedictis et al., 2012). 
Fluorescent immunocytochemistry was used to visualize PHA-L labeling in dual 
anterograde tracer-injected animals.  Tissues were blocked for 1h in 5% donkey serum 
and subsequently incubated with primary (Vector Laboratories, goat anti-PHA-L, 1:4000, 
overnight at 4°C) and secondary antibodies (Life Technologies, Alexa Flur 488 donkey 
anti- goat, 1:600, 1 h at room temperature) followed by a 10 min incubation in 4′,6-
diamidino-2-phenylindole (DAPI; Sigma, 1:200, RT) to label cell nuclei. 
Fluorescently labeled (Fluoro-Ruby) puncta (terminal and en passant boutons) 
were counted to quantify the relative magnitude of efferent projections from the MeA vs. 
MeP.  Eleven forebrain regions previously implicated in courtship behaviors were chosen 
for analysis. Confocal images (60✕) of projection targets were obtained from 30 laser 
scans (every 1.0 µm) in 30 µm depth samples using an Olympus FluoView 10i confocal 
microscope.  These images were then stacked in the depth (‘Z’) plane, and a 1002 µm 
area was selected for each region of interest.  Puncta were counted in each region using 
the ‘cell counter’ plugin in ImageJ by an investigator blind to location of the tracer 
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injection.  Only puncta that were clearly visible and sufficiently large (between 0.8 µm 
and 1.6 µm in diameter, similar in range to that used by Pro-Sistiaga et al. (2007)) were 
included in our analysis.  Limitations of this analysis, such as the amount of tracer 
delivered, the percentage of neurons that took up the tracer, and the counting of spurious 
puncta were assumed to be the same between groups, rendering this type of analysis 
suitable for a comparative (targets of MeA vs. MeP input) study (Pro-Sistiaga et al., 
2007).  The number of labeled puncta for each animal was averaged for each group and 
compared in each forebrain region between the MeA and MeP-injected subjects using a 
2-tailed Student's t-test. 
RESULTS 
Injections of the anterograde tracer, Fluoro-Ruby, into the MeA or MeP were 
largely confined to the target nucleus (Fig. 3.1A and B), although in the case of larger 
injections, there was some leakage of tracer (i.e., very few labeled cell bodies) into the 
rostral MeP in animals given injections intended for the MeA (Fig. 3.1D).  Likewise, 
there was minimal leakage into the caudal MeA in animals given injections targeting the 
MeP (Fig. 3.1E).  In some cases, a few labeled cell bodies were observed lateral to the 
target Me nucleus, minimally affecting adjacent amygdaloid nuclei including the anterior 
amygdaloid area (subjects 336 and 353), and the anterior cortical amygdaloid nucleus 
(subjects 337 and 344; see Fig. 3.1).  However, labeling due to tracer spread in these 
adjacent regions was very sparse and in most cases did not occur at all.  In no cases were 
central amygdaloid nuclei labeled. 
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Both the posteromedial cortical amygdala (PMCo) and posterior bed nucleus of 
the stria terminals (pBNST) were most densely innervated by the MeP (Fig. 3.2).  Many 
anterogradely labeled fibers originating from neurons in the MeP were observed in the 
PMCo.  Retrogradely labeled cell bodies were also found, suggesting a dense bilateral 
connectivity between the MeP and PMCo (Fig. 3.2A′) that was not observed between the 
MeA and PMCo (Fig. 3.2A).  Fluoro-Ruby is predominantly an anterograde tracer, but 
retrograde labeling can also occur.  The pBNST also showed dense labeling in lateral, 
intermediate, and medial subregions (STMPL, STMPI, STMPM, respectively) in MeP-
injected subjects (Fig. 3.2B′), while labeling was mostly observed in the STMPL in MeA-
injected subjects (Fig. 3.2B).  Several animals (not included in the quantitative analysis) 
were given an injection of the anterograde tracer, Phaseolus vulgaris leucoagglutinin 
(PHA-L) into the MeA plus an injection of Fluoro-Ruby into the MeP of the same 
hemisphere in order to obtain a qualitative comparison of pBNST and mOT innervation 
by the MeA and MeP.  Fibers originating from the MeA and MeP were apparent 
throughout the pBNST but mainly overlapped in the STMPL (Fig. 3.3A and A′).  In 
contrast to the pBNST, the mOT received relatively dense innervation from the MeA, but 
was only sparsely innervated by the MeP (Fig. 3.3B and B′). 
An important goal of this study was to directly compare the relative magnitude of 
efferent innervation of MeA vs. MeP projection targets; therefore a quantitative 
estimation of puncta number in projection targets of the MeA and MeP was performed. 
Puncta are highly variable in size (Mitchell et al., 2012), and only those that could be 
reliably identified were counted (Fig. 3.4).  Puncta were quantified from confocal images 
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stacked in the Z-plane of 11 forebrain sites that received considerable innervation by the 
MeA and/or MeP.  These regions included the mOT, the shell and core of the nucleus 
accumbens (AcbSh, AcbC), the horizontal diagonal band of Broca (HDB), the medial 
preoptic area (MPA), pBNST subregions (STMPM, STMPI, STMPL), dorsomedial and 
ventrolateral subdivisions of the ventromedial hypothalamus (VMHdm, VMHvl), and 
PMCo (Fig. 3.5).  These regions were chosen for two main reasons.  First, preliminary 
qualitative results indicated that these regions received considerable innervation from the 
MeA and/or MeP. Second, the purpose of this study was to elucidate the degree of 
innervation of Me forebrain targets that have been previously implicated in odor-driven 
sociosexual behaviors, since deficits observed in MeA vs. MeP-lesioned animals in our 
previous study concerned these behaviors (DiBenedictis et al., 2012).  Intra-amygdaloid 
connections, though important, were not included in the present study.  The precise 
locations of puncta counting domains within each target nucleus analyzed were chosen 
based on prior studies from our laboratory in which we observed augmented FOS protein 
expression in response to opposite-sex odors or in response to placement in a chamber 
where subjects were previously exposed to an anesthetized opposite-sex conspecific (see 
Pankevich et al., 2006b; Martel & Baum, 2009a; Kang et al., 2009). 
In support of qualitative observations, results of puncta analysis showed that the 
STMPI (t (df =8) = 5.350, p<0.001), STMPM (t (df=8) = 7.445, p<0.001), and PMCo (t 
(df =9) = -8.632, p<0.001) possessed significantly more labeled puncta on efferent fibers 
originating from the MeP, as compared to the MeA.  In contrast, the HDB (t (df=10) = 
3.567, p<0.005) and mOT (t (df=10) = 2.408, p<0.037) showed denser innervation by the 
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MeA.  Other ventral striatal and hypothalamic structures displayed relatively equal 
innervation from the MeA and MeP, although there was a trend toward denser 
innervation by the MeP in the STMPL (t (df=8) = 2.263, p=0.053) and VMHdm (t (df=8) 
= -2.208, p=0.058) (Fig. 3.6). 
DISCUSSION 
The present results demonstrate that the MeA and MeP differentially target 
multiple ventral telencephalic sites that have been previously implicated in the control of 
sociosexual behaviors.  The pBNST is the major recipient of efferent projections from the 
Me as a whole, but our analysis revealed that the STMPI and STMPM subdivisions 
receive significantly more input from the MeP, while the STMPL receives an equal, but 
lesser degree of input from both the MeA and MeP. Aspects of this pattern of innervation 
of the pBNST by the Me differs from those observed by Pardo-Bellver et al. (2012). 
Specifically, those workers reported that the MeA most densely innervates the STMPI, 
while the STMPM is equally innervated by all Me subnuclei. While it is possible that this 
discrepancy could reflect strain differences (C57BL/J6 & CD1 vs. Swiss Webster in the 
present study), an alternative explanation is that puncta analysis, averaged across tracer 
injections given in multiple animals, is more sensitive to discrete differences in the 
pattern of innervation of these subnuclei.  For example, the MeA and MeP may send a 
similar number of axonal projections to the STMPI (as has been previously reported 
using qualitative measurements of fiber innervation). However, projections from the MeP 
may make more en passant synaptic connections within the region, as indexed by labeled 
puncta, while the majority of fibers from the MeA may represent fibers of passage, 
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producing fewer labeled puncta.  Puncta evaluation is therefore a fundamentally different 
method of analysis, which makes direct comparisons with past studies using qualitative 
measures of fiber density potentially confounding.  A major strength of the current 
method is that puncta values are averaged across multiple animals, which accounts for 
individual variability and may provide a more complete view (i.e., rostral to caudal) of 
the outputs of a given brain region.  Our approach contrasts with the alternative approach 
(Pardo-Bellver et al., 2012; Usunoff et al., 2009) in which as few as one or two discrete 
tracer injections, which may or may not cover a substantial volume of the targeted 
nucleus, are used to assess efferent projections of amygdalar subnuclei. 
Puncta are clearly defined boutons sprouting from labeled fibers and have been 
shown to contain synaptic proteins (Bozdagi et al., 2000).  They are therefore thought to 
denote the presence of synapses.  For example, long-term potentiation in hippocampal 
neurons, which is associated with an increase in synapse number (Toni et al., 1999), is 
accompanied by long lasting increases in the number of puncta (Antonova et al., 2009). 
In the present study, we did not probe for the presence of pre and/or post-synaptic 
proteins and cannot therefore define a punctum as representing a synapse, but rather as a 
method for quantifying the amount of labeling observed in Me projection targets. 
The BNST has been directly implicated in the control of sociosexual behaviors.  
In female hamsters, an intact BNST is necessary for the display of precopulatory 
behaviors including ultrasonic vocalizations and vaginal scent marking (Kirn & Floody, 
1985; Martinez & Petrulis, 2011), while in male hamsters excitotoxic lesions of the 
BNST eliminate opposite-sex odor preference (Been & Petrulis, 2010).  The BNST as a 
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whole, but particularly the anterior BNST, densely innervates the ventral tegmental area 
(VTA) predominantly via GABAergic inputs.  The BNST is thus a potent regulator of 
VTA activity, principally acting by disinhibiting dopaminergic projection neurons 
(Georges & Aston-Jones, 2001; Kudo et al., 2012). This polysynaptic pathway linking the 
MeP with the VTA (via the BNST) may underlie the preference of female mice for 
opposite-sex odors (DiBenedictis et al., 2012).  The activation of this pathway may also 
contribute to the increase in FOS expression previously observed in the VTA in response 
to opposite-sex odors (Moncho-Bogani et al., 2005) in lieu of any major direct Me-VTA 
projections.  In addition, amygdaloid fibers terminating in the AcbC and AcbSh also 
traverse the BNST (Novejarque et al., 2011). 
The VMH and MPA play important roles in controlling sexual behavior in 
females of many rodent species (Blaustein & Erskine, 2002; Clark et al., 1981; Malsbury 
et al., 1977; Meerts & Clark, 2009), and the MePD projection to the VMH conveys 
reproductively significant olfactory information in mice and ferrets (Choi et al., 2005; 
Wersinger & Baum, 1997).  In the present study we found that these regions receive 
relatively equal input from the MeA and MeP.  This result corroborates our previous 
work showing that both MeA and MeP-lesioned female mice exhibited deficits in their 
display of lordosis in response to male mounts (DiBenedictis et al., 2012). 
The posteromedial cortical amygdala receives substantial input (as measured by 
labeled puncta) from both the MeA and MeP, with the most robust innervation 
originating from the MeP.  These projections are reciprocal, as has been previously 
described in rats and hamsters (Coolen & Wood, 1998; Pitkänen et al., 2000), suggesting 
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that the pattern of Me output may be modified by intra-amygdaloid interactions.  Insofar 
as the PMCo directly targets regions of the ventral striatum, including the islands of 
Calleja and adjoining olfactory tubercle complex (Novejarque et al., 2011; Ubeda-Banon 
et al., 2008), this circuit may also be involved in motivating appetitive behavioral 
responses to salient opposite-sex chemosignals. 
In contrast to the BNST and PMCo, we observed significantly more labeled 
puncta on fibers originating from the MeA in the horizontal limb of the diagonal band of 
Broca (HDB).  The HDB is a major cholinergic brain center whose activity has been 
linked to attention.  Pharmacological disruption of cholinergic signaling has been shown 
to impair performance in olfactory-based behavioral tasks (Roman et al., 1993), while 
enhancing acetylcholine levels improved olfactory discrimination (Doty et al., 1999). 
Furthermore, the HDB provides major centrifugal inputs to the MOB (Ma & Luo, 2012), 
which presumably modulates odor perception.  It is possible that salient pheromonal 
information reaching the MeA is passed to the HDB, which in turn heightens the animal's 
level of attention toward the pheromonal stimulus, thereby enhancing olfactory acuity 
and promoting chemoinvestigation. 
We also observed a pathway directly linking the MeA (and to a lesser extent, the 
MeP) with the ventral striatum, including the mOT, AcbSh, and AcbC.  While Me-
accumbal projections were relatively sparse, there was robust innervation of the mOT by 
the MeA, but not by the MeP.  Because this projection is monosynaptic, pheromonal 
information transmitted by this pathway may be subject to limited signal modification 
and could be involved in mediating the reinforcing effects of opposite-sex odors. Indeed, 
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the mOT has been implicated in the reinforcing effects of cocaine, MDMA, and 
amphetamines (Ikemoto, 2003; Shin et al., 2008, 2010) and in male rat sexual behavior 
(Hitt et al., 1973).  The mOT has also been hypothesized to play an important role in odor 
hedonics (Wesson & Wilson, 2011).  We propose that male pheromonal signals reach the 
Me via the main and accessory olfactory bulbs and that this information is relayed to the 
ventral striatum by way of both indirect polysynaptic (MeP-BNST- VTA-mOT and MeP-
PMCo-mOT) and direct monosynaptic (MeA-mOT) pathways which may act 
synergistically to motivate female mice to seek out and investigate these odors, a critical 
first step leading to successful procreation.  Based on our previous work (DiBenedictis et 
al., 2012), it is likely that indirect inputs to the mOT, originating from the MeP, are alone 
sufficient to drive proceptive chemoinvestigatory behaviors, while the direct pathway 
from the MeA is not.  Future work will assess the functional role of the mOT in 
hardwired olfactory-driven motivated behaviors in female mice. 
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Figure 3.1: 
A, B, Confocal image showing Fluoro-Ruby injection sites in the anterior (A) and 
posterior (B) medial amygdala.  C, D, Schematic reconstructions of coronal sections 
showing the extent of individual Fluoro-Ruby injections in female mice targeting the 
anterior (n=6) medial amygdala.  Top row: subjects 336, 340, 342; Bottom row: subjects 
353, 354, 358.  E,F, Schematic reconstructions of coronal sections showing the extent of 
individual Fluoro-Ruby injections in female mice targeting the posterior (n=6) medial 
amygdala.  Top row: subjects 337, 341, 344; Bottom row: subjects 343, 345, 346. 
Sections are ordered sequentially from anterior (left) to posterior (right), with the 
numbers shown on the bottom right of each plate representing the distance in mm 
posterior to bregma.  Colored regions within each plate represent individual injections, 
identified by the animal code.  Adapted from Franklin and Paxinos (2008).  MeA, 
anterior medial amygdala; MeP, posterior medial amygdala; opt, optic tract. 
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Figure 3.2: 
The posterior medial amygdala (MeP) densely innervates the posteromedial cortical 
amygdala (PMCo) and the posterior bed nucleus of the stria terminalis (pBNST). 
Epifluorescent images show dense anterograde fiber labeling in the PMCo and pBNST 
(A′, B′) in MeP Fluoro-Ruby-injected animals, but not MeA Fluoro-Ruby-injected 
animals (A, B).  Retrogradely labeled cell bodies were also observed in the PMCo of 
subjects given Fluoro-Ruby injections into the MeP (A′), indicated by filled white arrows. 
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Figure 3.3: 
Overlapping anterograde fiber/puncta labeling in the posterior bed nucleus of the stria 
terminalis (A; pBNST) and medial olfactory tubercle (B; mOT) of a female mouse given 
injections of PHA-L (green) and Fluoro-Ruby (red) into the MeA and MeP, respectively. 
(A) Confocal image showing that the intermediate and medial portions of the pBNST 
receive input mostly from the MeP (red), while the lateral portion receives relatively 
equal input from both the anterior and posterior Me. (A′) 60 (oil) Z plane-stacked 
confocal image of the boxed area shown in (A).  Labeled fibers with puncta originating 
from the MeA (green) and MeP (red) were seen throughout the posterolateral stria 
terminalis (STMPL), shown with DAPI nuclear counterstain (blue cell bodies).  (B) 
Confocal image showing synaptic input to the mOT almost exclusively from the anterior 
Me (green) with very sparse labeling from the MeP (red).  (B′) 60 (oil) Z plane-stacked 
confocal image of the boxed area shown in (B) showing innervation of the mOT 
predominantly by the MeA (green fibers). 
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Figure 3.4: 
 
Z-plane stacked confocal images (60× magnification) showing anterograde fiber/puncta 
labeling in coronal sections of the medial portion of the posterior stria terminalis 
(STMPM) following Fluoro-Ruby injections into either the anterior (A, MeA) or 
posterior (B, MeP) medial amygdala.  (C) Filled white arrows point to labeled puncta, 
magnified from the boxed region that were included for analysis (0.8–1.6 µm diameter); 
open arrows point to possible puncta that were very small (0.8 µm diameter) and 
therefore excluded from analysis. 
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Figure 3.5: 
Modified schematic from the mouse brain atlas of Franklin and Paxinos (2008) showing 
the location of forebrain regions in which labeled puncta (dark gray boxes; 1002 µm) 
were counted.  Counting regions included the medial olfactory tubercle (A), the shell 
(left) and core (right) of the nucleus accumbens (B), the horizontal diagonal band of 
Broca (C), the medial preoptic area (D), medial (left), intermediate (middle), and lateral 
(right) posterior bed nucleus of the stria terminalis (E), dorsomedial (left) and 
ventrolateral (right) subdivisions of the ventromedial hypothalamus (F), and 
posteromedial cortical amygdala (G).  Numerical values represent the distance in 
millimeters from bregma for each section. 
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Figure 3.6: 
Quantitative estimation of labeled puncta in animals given Fluoro-Ruby injections into 
either the MeA or MeP.  Brain regions in which puncta were counted: STMPL, STMPI, 
STMPM, posterolateral, intermediate, medial divisions of the bed nucleus of the stria 
terminalis; PMCo, posteromedial cortical amygdala; HDB, horizontal diagonal band of 
Broca; MPA, medial preoptic area; VMHdm, VMHvl, dorsomedial, ventrolateral 
portions of the ventromedial hypothalamus; mOT, medial olfactory tubercle; AcbC, 
AcbSh, nucleus accumbens core, shell.  Data are expressed as the mean (±SEM) 
calculated from confocal images merged in the Z-plane.  Sample sizes for each group are 
shown in parentheses. *P<0.040, **P<0.001 (two-tailed Student's t-test). 
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CHAPTER FOUR 
6-hydroxydopamine lesions of the anteromedial ventral striatum impair  
opposite-sex urinary odor preference in female mice  
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ABSTRACT 
Rodents rely upon their olfactory system to perceive opposite-sex pheromonal 
odors needed to motivate courtship behaviors.  Volatile and nonvolatile components of 
pheromonal odors are processed by the main (MOS) and accessory olfactory system 
(AOS), respectively, with inputs converging in the medial amygdala (Me).  The Me in 
turn targets the mesolimbic dopamine system, including the nucleus accumbens core 
(AcbC) and shell (AcbSh), the ventral pallidum (VP), medial olfactory tubercle (mOT) 
and ventral tegmental area (VTA).  We hypothesized that pheromone-induced dopamine 
(DA) release in the ventral striatum (particularly in the mAcb and mOT) may mediate the 
normal preference of female mice to investigate male pheromones.  We made bilateral 6-
OHDA lesions of DA fibers innervating either the mAcb alone or the mAcb+mOT in 
female mice and tested estrous females’ preference for opposite-sex urinary odors.  We 
found that 6-OHDA lesions of either the mAcb alone or the mAcb+mOT significantly 
reduced the preference of sexually naïve female mice to investigate breeding male 
urinary odors (volatiles as well as volatiles+nonvolatiles) vs. estrous female urinary 
odors.  These same neurotoxic lesions had no effect on subjects’ ability to discriminate 
between these two urinary odors, on their locomotor activity, or on their preference for 
consuming sucrose.  The integrity of the dopaminergic innervation of the mAcb and mOT 
is required for female mice to prefer investigating male pheromones.    
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INTRODUCTION 
 
The display of courtship behaviors in female rodents depends on the perception of 
chemical cues released by male conspecifics (Baum & Kelliher, 2009).  These salient 
chemosignals (often referred to as pheromones) are detected by the main (MOS) and 
accessory olfactory systems (AOS) and relayed to the medial amygdala (Me).  The Me is 
critical for odor-guided courtship and reproductive behaviors in female rodents 
(DiBenedictis et al., 2012; Petrulis & Johnston, 1999; Kondo & Sakuma, 2005).  It sends 
axonal projections to several downstream targets including the bed nucleus of the stria 
terminalis (BNST), the medial preoptic area (MPA), ventromedial (VMHvm), and 
ventrolateral (VMHvl) divisions of the ventromedial hypothalamus, and to numerous 
ventral striatal targets, including the nucleus accumbens core (AcbC) and shell (AcbSh), 
ventral pallidum (VP), medial olfactory tubercle (mOT) and islands of Calleja (ICj) 
(DiBenedictis et al., 2014a; Pardo-Bellver et al., 2012; Gomez et al., 1992).  
Female mice display a hardwired attraction to and preference for male urinary 
odors (Moncho-Bogani et al., 2005).  We hypothesized that the saliency attributed to 
these odors arises from pheromone-induced activation of the mesolimbic dopamine 
‘reward’ system, yet little is known about the neural pathways via which pheromonal 
stimuli access the mesolimbic dopamine system.  Male and female mice will form a 
conditioned place preference for opposite-sex urinary odors (Korzan et al., 2013; 
Martinez-Ricos et al., 2007), suggesting that these odors are rewarding.  Additionally, 
immediate early gene studies have shown that opposite-sex (but not same-sex) 
conspecific body odorants activate several segments of the brain’s reward circuitry 
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including the mOT (unpublished observations), AcbC, AcbSh, and the ventral tegmental 
area (VTA) (Moncho-Bogani et al., 2005; Pankevich et al., 2006b; Kang et al., 2009).  
More recently, electrolytic lesions of the ventral striato-pallidum, a region that includes 
the mOT, disrupted opposite-sex odor preference in female mice (Agustin-Pavon et al., 
2014), whereas 6-OHDA lesions of the dopamine (DA) fibers innervating the mAcb did 
not affect this preference (Martinez-Hernandez et al., 2012).  These latter authors 
suggested that pheromonal reward is DA-independent, which conflicts with earlier 
studies using in vivo voltammetry and microdialysis techniques showing that exposing 
male rats to estrous female odors (both volatiles alone and volatiles+nonvolatiles) causes 
significant increases in DA release from the Acb (Mitchell & Gratton, 1992; Fiorino & 
Phillips, 1999a).  
We asked whether the modulatory influence of DA in the ventral striatum, 
specifically in the mAcb and mOT, is necessary for the normal preference of female mice 
for male urinary odors.  We made 6-OHDA lesions of the DA fibers innervating either 
the mAcb alone or the mAcb+mOT and subsequently assessed females’ odor preference 
behavior compared to Sham-operated subjects.  Because of prior studies indicating DA 
release in the mAcb in response to investigating opposite-sex pheromones, we created 
one group of subjects with 6-OHDA lesions confined to the mAcb.  Given the recently 
discovered involvement of the mOT in pheromone reinforcement (Agustin-Pavon et al., 
2014), we also created a group of subjects with 6-OHDA lesions centered on the mOT.  
In this group of subjects, leakage of the neurotoxin almost always spread to the mAcb.  
Hence we considered this group of subjects to be ‘mAcb+mOT-lesioned.’  It should be 
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noted that mAcb+mOT Lesion subjects did not have larger DA lesions than mAcb Lesion 
subjects, but rather had lesions of the same size that were centered more ventrally, 
destroying DA fibers in the mAcb as well as the mOT.   
MATERIALS AND METHODS  
Thirty-seven adult female Swiss Webster mice (Charles River Laboratories, 
Wilmington, MA, USA), were purchased at 6 weeks of age and maintained on a reversed 
12:12h light:dark cycle with food and water available ad libitum.  All procedures were 
approved by the Boston University Charles River Campus Institutional Animal Care and 
Use Committee.  Females were housed 4 per cage until 48 hours prior to the start of 
behavioral testing, whereupon they were housed individually.  All behavioral testing was 
conducted under red light during the dark phase of the photoperiod.  Five days after 
arrival in the animal colony, female subjects underwent bilateral ovariectomy under 2% 
isoflurane anesthesia and were allowed 1 week to recover.  Subjects were given injections 
of analgesic (carprofen, 5 mg/kg, s.c.) for two days after surgery and were implanted 
subcutaneously at the back of the neck with polymeric silicone SILASTIC capsules 
(inner diameter, 1.57mm; outer diameter, 2.41mm; length, 5mm) packed with estradiol 
(E2; diluted 1:1 with cholesterol) at the time of ovariectomy.  Urine used for odor 
preference and odor discrimination testing was collected from testes-intact male (n=8) 
and ovariectomized, estrogen and progesterone-primed female (n=8) donor mice using 
metabolic cages.  Pooled urine was then aliquotted into 1 ml vials according to sex and 
stored at -20°C until use.   
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Mice were anesthetized under continuous 2% isoflurane vapor, and the head was 
secured in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA).  Small 
holes were drilled bilaterally over each lesion site (coordinates:  anterior-posterior: 
5.3mm from interaural line, Medial-Lateral: 0.7mm from sagittal suture, Depth: 4.7mm 
from dura for Lesion groups, and 4.0mm for Shams) and 250nl of 20mM 6-OHDA 
hydrobromide in 0.01% ascorbic acid (Sigma, Saint Louis, MO, USA) was delivered 
using a 5µl syringe with a 30-gauge needle (Hamilton Company, Reno, NV, USA). To 
protect noradrenergic neurons from the neurotoxic effect of 6-OHDA, all subjects 
received an i.p. injection of desipramine (Sigma, Saint Louis, MO, USA; 25mg/kg) 30 
min prior to surgery.  Subjects received the anti-inflammatory agent, carprofen (5mg/kg, 
s.c.) for two days after surgery and were allowed 1 week to recover before commencing 
behavioral testing.  
To ensure that destruction of DA terminals in the ventral striatum had no effect on 
locomotor activity, subjects’ movements were tracked for 20 min in Plexiglas boxes 
(57x14x19 cm) using a digital video camera and Any-Maze software (Stoelting Co., 
Wood Dale, Il, USA).  Two days later, subjects were brought into estrus with an injection 
of progesterone (500µg, s.c.).  Four hr after injection subjects were given a 5-min odor 
preference test in their homecage in which testes-intact male and estrous female urinary 
volatile odors were presented simultaneously (see DiBenedictis et al., 2012 for details).  
This procedure was repeated 4 days later with the location of urinary cues reversed, and 
direct nasal access to the urinary stimuli permitted.  Two days following this test, subjects 
underwent a homecage habituation/dishabituation test to verify that subjects could 
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discriminate between testes-intact male- and estrous female urinary volatiles 
(DiBenedictis et al., 2012).  Twenty-four hours later, animals were given a 48hr sucrose 
preference test (Slattery et al., 2007) to determine whether ventral striatal DA depletion 
caused hedonic deficits leading to a decrement in sucrose consumption (Shimura et al., 
2009; Martinez-Hernandez et al., 2006).  Briefly, subjects were given access to two 
bottles, one of which contained water only and the other 5% sucrose.  Halfway through 
testing (at 24hr) the location of the bottles was switched to avoid a potential side bias in 
liquid consumption.  At the conclusion of behavioral testing, subjects were sacrificed, 
and brains were removed and processed for histology as previously described 
(DiBenedictis et al., 2012).  The presence, location, and extent of 6-OHDA fiber lesions 
in the ventral striatum were visualized via the immunohistochemical detection of tyrosine 
hydroxylase (TH), (ImmunoStar, mouse anti-TH, 1:2500) using standard procedures 
(DiBenedictis et al, 2014a).  Except where noted, behavioral data were analyzed by 2-
way repeated measures ANOVAs, with Urinary Stimulus and Lesion Location as main 
effects, followed by Student-Newman-Keuls (SNK) post hoc tests where appropriate. 
Lesion damage was assessed by determining the number of tissue sections 
containing the mAcb and mOT in which bilateral depletion of TH-immunoreactivity was 
observed.  Boundaries of the mAcb and mOT, spanning over 1 mm in the rostral to 
caudal dimension, were defined using a stereotaxic atlas (Franklin & Paxinos, 2008) as a 
guide.  Subjects included in the lesion groups were those in which >70% of the sections 
through these structures bilaterally exhibited depletion of TH-immunoreactivity.  Using 
these criteria, subjects were assigned to one of three groups: Sham (n=8), bilateral medial 
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accumbens shell lesion (mAcb Lesion; n=7), or bilateral medial accumbens shell+medial 
olfactory tubercle lesion (mAcb+mOT Lesion; n=7).  Mice with inaccurate DA lesion 
placement (n=3), spread of the neurotoxin into adjacent nuclei (n=5), or no observable 
lesion or small lesions (<50% of sections) on one or both sides (n=7) were not used.  
RESULTS 
Tissue examination revealed substantial bilateral reduction in TH-immunoreactive 
fibers specific to the mAcb (Fig. 4.1D-F) and to the mAcb+mOT (Fig. 4.1G-I).  While 
DA depletion was specific to the mOT in more rostral sections (Fig. 4.1G), the 
neurotoxin often spread into the adjacent mAcb more caudally (Fig. 4.1H-I).  This 
absence of DA terminals in 6-OHDA-lesioned subjects was not present in Sham-operated 
animals, which received vehicle (saline) injections (Fig. 4.1A-C).  Several effects of 
lesions on odor investigation were noted.  First, in tests with intact male vs. estrous 
female urinary volatiles, analysis of mean time of investigation revealed a main effect of 
Urinary Stimulus (F1,18=19.9; p<0.001), but not of Lesion Location (F2,18=2.22; p>0.05), 
as well as a Urinary Stimulus ✕ Lesion Location interaction (F2,18=5.44; p<0.02; Fig. 
4.2A).  Similar results were obtained when subjects were allowed direct nasal contact 
with the urinary stimulus: a main effect of Urinary Stimulus (F1,19=32.6; p<0.001), but 
not of Lesion Location (F2,19=3.36; p>0.05), and a Urinary Stimulus ✕ Lesion Location 
interaction (F2,19=11.52; p<0.001).  SNK post hoc analysis showed that mAcb Lesion and 
mAcb+mOT Lesion subjects displayed a reduced investigation of intact male urine in 
comparison to the Sham group (p<0.02; Fig. 4.2B).  A 1-way ANOVA comparing 
difference scores (time investigating male urine minus time spent investigating female 
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urine) in odor preference tests revealed an overall effect of Lesion Location in both the 
volatiles only test (F2,21=6.87; p<0.007; Fig. 4.2C) and volatiles+nonvolatiles test 
(F2,21=11.52; p<0.001; Fig. 4.2D).  SNK post hoc tests revealed that subjects with mAcb 
or mAcb+mOT lesions lost their preference for opposite sex (male) urinary odors over 
female urinary odors in comparison to Shams (p<0.01).  In the odor discrimination test 
(Fig. 3A) all groups dishabituated from the final presentation of water to the first 
presentation of estrous female urine, as well as from the final presentation of estrous 
female urine to the first presentation of intact male urine (Student’s t-tests; all p<0.05).  
Although no group differences were found in the amount of time investigating the first 
presentation of estrous female urine (1-way ANOVA, F2,21=1.82; p>0.18), mAcb+mOT 
Lesion subjects showed a significant reduction in the first investigation of intact male 
urine compared to the other groups (F2,21=4.30; p<0.03; Fig 4.3A).  Meanwhile, all 
groups strongly preferred a 5% sucrose solution to water (main effect of Liquid Type, 
F1,18=195.93, p<0.001, but not Lesion Location, F2,18=0.84, p>0.44; Fig. 4.3B).  Lastly, 
there were no significant differences in mean distance traveled across the 3 lesion groups 
in the open field locomotion test (F2,19 = 1.23; p>0.31; Fig 4.3C). 
DISCUSSION 
Dopaminergic neurons innervating the ventral striatum have been implicated in 
numerous reward processes (Berridge & Robinson, 1998; Wise, 2004).  Here, we show 
that DA in the anteromedial ventral striatum establishes salience for opposite-sex 
pheromonal odors: 6-OHDA lesions of DA terminals in this region abolished the 
hardwired preference of female mice for breeding male over estrous female urinary odors 
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(volatiles and volatiles+nonvolatiles), while leaving subjects’ ability to discriminate 
between the two odors intact.  Furthermore, DA lesions had no effect on 
locomotor/ambulatory activity or on their preference for consuming sucrose over water, 
another hedonic behavior that requires DA in the VTA (Shimura et al., 2009; Martinez-
Hernandez et al., 2006).  Females with mAcb or mAcb+mOT lesions showed very similar 
reductions in their preference for male urinary odors, although there was one difference 
between these two lesioned groups:  subjects with DA lesions that included the mOT 
displayed a significant decrease in investigation time for male urine in the odor 
discrimination test, even though they could still perceive the odor, as indexed by a robust 
dishabituation response.  However, it should be noted that there was a trend toward 
lowered investigation time in mAcb+mOT Lesion subjects in the first dishabituation 
response toward the estrous female urinary stimulus, thus DA lesions that include the 
mOT may result in a generalized amotivation to investigate socially relevant odors.  More 
work is needed to test the specific role of the mOT in pheromone-driven approach 
behaviors.  
Our odor preference results are in line with previous data showing DA release in 
the Acb during investigation of opposite sex odors (Mitchell & Gratton, 1992; Fiorino & 
Phillips, 1999a), but differ from those reported by Martinez-Hernandez and colleagues 
(2012), who found that 6-OHDA lesions of the mAcb had no effect on opposite-sex odor 
preference in female mice.  There are several possible explanations for this discrepancy.  
Martinez-Hernandez and colleagues measured time spent in proximity to the odor 
stimulus in ovary-intact (non-hormone primed) female mice, rather than the time spent 
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sniffing (actively investigating) the stimulus in estrous (hormone-primed) female mice, as 
in the current study.  Thus other behaviors, such as grooming or marking in proximity to 
the odor, may have been registered in addition to investigating the pheromonal stimulus.  
Female subjects may have been at different stages of the estrous cycle during testing, 
which could have an effect on the level of arousal and/or motivation to investigate 
opposite-sex pheromones, since females display different odor-evoked behaviors relative 
to estrous cycle stage (Baum, 2012).  Additionally, the odors tested in the previous study 
were clean bedding (a familiar, non-biologically relevant odor) vs. male-soiled bedding 
(a novel, biologically relevant odor).  Given this choice, it is not surprising that female 
mice would prefer the male odor due both to its novelty and its sexual relevance to the 
animal.  Comparing differences in investigation between same-sex and opposite-sex 
urinary odors, by contrast, provides an assessment of females’ sexual vs. social 
motivation since both odors are socially relevant to the animal, but only the opposite sex 
odor is sexually relevant.  
Opposite-sex urinary odors are natural, reinforcing stimuli.  DA innervation of the 
anteromedial ventral striatum originates predominantly from cell bodies in the posterior 
VTA (Ikemoto, 2010), and in estrous female mice we have observed a selective 
activation (increased FOS expression) of neurons in the posterior VTA that project to the 
mOT specifically in response to male (but not female) urinary volatiles (unpublished 
observations).  Pheromonal information reaches the Me via both the main (volatiles) and 
accessory (nonvolatiles) olfactory bulbs.  This information is processed by the Me and 
subsequently directed to ventral striatal nuclei (and particularly to the mOT) via direct 
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and indirect pathways, likely involving the BNST and VTA (DiBenedictis et al., 2014a).  
VTA-originating DA release from terminals in the mAcb and mOT in response to 
opposite-sex pheromones likely plays a role in the attribution of saliency to these odors, 
driving females to seek out male odors, without which the motivation to find a mate and 
reproduce would be compromised. 
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Figure 4.1: 
Digital photomicrographs of coronal brain sections through three levels (from rostral to 
caudal) of the ventral striatum that were immunostained for tyrosine hydroxylase (TH) in 
representative subjects that received Sham (A-C) or 6-OHDA lesions of DA fibers 
innervating the medial accumbens (mAcb Lesion, D-F) or medial accumbens+medial 
olfactory tubercle (mAcb+mOT Lesion, G-I).  Areas of significant depletion of DA fibers 
are outlined using dashed red lines.  Numerical values above each column represent the 
approximate distance anterior to bregma for each coronal histological plate in that 
column.  Acb, nucleus accumbens; OT, olfactory tubercle; aca, anterior commissure. 
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Figure 4.2:  
6-OHDA lesions of the DA fibers innervating the mAcb and medial mAcb+mOT 
disrupted the normal preference of ovariectomized, estradiol and progesterone-primed 
female mice for testes-intact male- over estrous female urinary odors presented 
simultaneously in the subjects’ homecage.  A,B, mean time (±SEM) spent investigating 
estrous female- and testes-intact male urinary volatiles (A) or volatiles+nonvolatiles (B). 
Asterisks indicate statistically significant differences (p<0.05; 2-way ANOVA followed 
by SNK post hoc test).  C,D, mean time spent investigating intact male minus estrous 
female urinary volatiles (C) or volatiles+nonvolatiles (D).  Different letters above each 
column indicate statistically significant differences from each other (p<0.05; 1-way 
ANOVA followed by SNK post hoc test).  The number of subjects in each group is given 
in parentheses. 
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Figure 4.3:  
A, odor discrimination test.  Estrous female vs. testes-intact male urinary volatiles were 
reliably discriminated by all groups (Student’s t-test comparisons of mean investigation 
times of third water vs. first female urine, and third female urine vs. first male urine; *, +, 
#, p<0.001).  There was less investigation displayed by the mAcb+mOT group during the 
first presentation of testes-intact male urine (** p<0.05, 1-way ANOVA SNK post hoc 
test).  The number of subjects in each group is given in parentheses.  B, sucrose 
preference.  All groups consumed more of the 5% sucrose solution compared to water 
alone in a two-choice 48hr preference test (*p<0.001; 2-way ANOVA followed by SNK 
post hoc test).  C, locomotion.  Subjects with dopaminergic lesions of either the mAcb or 
mAcb+mOT showed no locomotor impairments: mean (±SEM) distances traveled in a 20 
min open field test did not differ between groups (p>0.310; 1-way ANOVA). 	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CHAPTER FIVE 
Evidence that activity in the medial olfactory tubercle motivates 
estrous female mice to investigate male pheromones 	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ABSTRACT 
Female rodent courtship behaviors are mediated by pheromonal signals released 
from male conspecifics.  Previous research has shown that the anterior medial amygdala 
(MeA) is necessary for the display of these critical behaviors.  The MeA sends 
monosynaptic axonal projections to the medial olfactory tubercle (mOT) — a subdivision 
of the ventral striatum, implicated in the reinforcing effects of both natural hedonic 
stimuli (pheromones) and drugs of abuse (Agustin-Pavon et al., 2014; Ikemoto 2010).  To 
further explore the role of the mOT in pheromonal odor processing, we first performed a 
functional neuroanatomical tract tracing study wherein we exposed estrous female mice 
to volatile odors emanating from soiled bedding that were injected with the retrograde 
tracer, CTb into the mOT five days previously.  Both the MeA and ventral tegmental area 
(VTA) were found to send direct projections to the mOT; a significant subset of these 
projections were selectively activated (expressed FOS) by male- (but not female- or 
clean) volatile odors emanating from soiled bedding in estrous female subjects.  Next, we 
bilaterally expressed the inhibitory DREADD receptor, hM4Di, in the mOT of female 
mice by way of viral infection and later subjected these animals to urinary preference 
tests after i.p. injection of either vehicle or clozapine-N-oxide (CNO), which binds to the 
hM4Di receptor to hyperpolarize and thus silence infected neurons.  When the mOT was 
silenced, estrous female subjects lost their preference to investigate intact male over 
female urinary odors.  Females’ preference for male odors returned when the same 
subjects were treated with saline in counterbalanced tests, and subjects’ ability to 
discriminate between male vs. female urinary pheromones remained intact after receiving 
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CNO.  Additionally, subjects showed no deficits in locomotor activity or preference for 
food odors when given CNO injections prior to testing.  The mOT appears to be a critical 
segment of the pheromone-reward pathway in female mice.  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  
89 
INTRODUCTION 
 
Over the past four decades, the nucleus accumbes (Acb) has garnered 
considerable attention for its role in hedonic and reinforcing behaviors.  In particular, the 
Acb has been implicated in mediating the rewarding effects of psychomotor stimulants, 
such as cocaine and amphetamines (Roberts et al., 1977, 1979; McGregor & Roberts, 
1993; Baker et al., 1998; Liao et al., 2000; Rodd-Henricks et al., 2002; Ikemoto & 
Sharpe, 2001) as well as alcohol (Heinz et al., 2009; Koob & Volkow 2010; Cassataro et 
al., 2014), ultimately leading to addiction.  This region also plays a pivotal role in pair 
bonding formation in monogamous prairie voles (Wang et al., 2013).  While the vital role 
played by the Acb in reinforcing behaviors is undisputed, more recent evidence points to 
the critical involvement of another understudied segment of the ventral striatum, the 
medial olfactory tubercle (mOT), in many of the same behaviors.   
The mOT includes the cell bridges of the ventral pallidum (VP), the islands of 
Calleja (ICj), as well as a striatal component, consisting largely of GABAergic medium 
spiny neurons (MSNs) (Ikemoto, 2010).  Rats self-administer and form a conditioned 
place preference for cocaine infusions into the mOT more readily than into the Acb 
(Ikemoto, 2003) and also learn to self-administer amphetamines into the mOT (Ikemoto, 
2005).  Mice will lever press for electrical stimulation of the mOT, and this stimulation 
activates forebrain structures associated with motivated behaviors, including the Acb and 
lateral septum (LS) (FitzGerald et al., 2014).  The mOT is also a region of multimodal 
convergence, responding to olfactory as well as auditory stimuli (Wesson & Wilson, 
2010).  Additionally, anterograde tract-tracing studies in female mice have shown that the 
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mOT receives relatively dense monosynaptic input from the medial amygdala (Me), a 
limbic structure which receives pheromonal input from both the main- and accessory 
olfactory systems (DiBenedictis et al., 2014a; Pardo-Bellver et al., 2012).   
Given its olfactory/pheromonal inputs and its known outputs to brain regions 
controlling motivation, we hypothesized that the mOT may represent a critical node for 
the processing of pheromone-driven appetitive behaviors.  Indeed, electrolytic lesions of 
a region that includes the mOT disrupted mating in male rats (Hitt et al., 1973) and 
reduced the preference of female mice for male odors (Agustin-Pavon et al., 2014).  In 
both of these studies lesions were not restricted to the mOT and likely also destroyed 
fibers of passage.  Thus, there is still very little known about the specific role of the mOT 
in mediating the rewarding effects of natural reinforcers, including opposite-sex 
pheromones.   
We sought to fill this knowledge gap by first determining which forebrain regions 
in female mice innervate the mOT and which of these input regions (if any) are 
selectively activated by opposite-sex urinary pheromones.  We hypothesized that mOT-
projecting pheromone-recipient sites, such as the Me, may drive neuronal activity in the 
mOT in response to male pheromones.  Next, we used the pharmacosynthetic 
‘DREADD’ (designer receptors exclusively activated by designer drugs) approach to 
bilaterally express the inhibitory receptor, hM4Di, in mOT neurons of female mice.  The 
hM4Di receptor, when bound to its non-endogenous ligand, clozapine-N-oxide (CNO), 
induces neuronal hyperpolarization via the activation of G-protein coupled inwardly 
rectifying potassium channels (GIRKs) and markedly reduces presynaptic 
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neurotransmitter release through an unidentified intracellular signaling mechanism 
(Armbruster et al., 2007; Ferguson et al., 2011; Rogan et al., 2011; Stachniak et al., 
2014).  We predicted that mOT-hM4Di+ females, after receiving CNO, would lose their 
natural preference for male vs. female urinary odors and that this preference may be 
restored after saline treatment. Our data suggests that activity in mOT neurons plays an 
essential role in motivating estrous female mice to seek out male pheromones.  
MATERIALS AND METHODS 
Subjects: 
Seventy four female and 12 male Swiss Webster mice were (Charles River 
Laboratories, Wilmington, MA, USA) were purchased at 5-6 weeks of age and housed in 
same sex groups under a reversed 12h light:dark cycle.  Females in experiment 2 were 
housed 4 per cage until 48 hours prior to the start of behavioral testing, whereupon they 
were housed individually.  All behavioral testing was conducted under red light during 
the dark phase of the photoperiod.  Food and water were provided ad libitum, except 
where otherwise noted.  The Boston University Charles River Campus Institutional 
Animal Care and Use Committee approved all procedures used in this study.  Three days 
after arrival, female subjects as well as female bedding/urine donors underwent bilateral 
ovariectomy using 2% isoflurane anesthesia and were allowed 1 week to recover.  
Animals were given injections of analgesic (carprofen, 5 mg/kg, s.c.) for two days after 
surgery and were implanted subcutaneously at the back of the neck with a polymeric 
silicone SILASTIC capsule (inner diameter, 1.57 mm; outer diameter, 2.41 mm; length, 5 
mm) packed with estradiol (E2; diluted 1:1 with cholesterol) at the time of ovariectomy 
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(bedding/urine donors & experiment 1 subjects) or at the time of ‘hM4Di’ or ‘Vehicle’ 
infection surgery (experiment 2 subjects).  To induce behavioral estrus, an injection of 
progesterone (P; 500 µg, s.c.) was administered 4 h prior to odor preference testing 
(experiment 2) and terminal odor exposure (experiment 1 & 2) to ovariectomized females 
previously implanted with E2 capsules (DiBenedictis et al., 2012; Martel & Baum, 
2009b). 
Urine and soiled bedding collection: 
Urine used for odor preference, odor discrimination, and terminal odor exposure 
was collected from group housed, testes-intact male (n=12) and ovariectomized, E2 and 
progesterone-primed female (n=12) donor mice using metabolic cages.  Pooled urine was 
then aliquotted into 1 ml vials according to sex and stored at -20°C until use.  Soiled 
Aspen chip bedding used as an olfactory stimulus for terminal odor exposures was 
collected from the same donor mice.  Briefly, testes intact male cage mates were moved 
to a cage containing clean bedding and were kept there for 24 hr.  Female bedding donors 
were first brought into estrous with a P injection (500 µg, s.c.) and were moved to a cage 
containing clean bedding 4 hr later.  After 24 hr, soiled bedding was collected and stored 
according to sex at -20°C until use.        
Stereotaxic CTb injection/hM4Di infection: 
 Mice were anesthetized under continuous 2% isoflurane vapor, and the head was 
secured in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA).  Small 
holes were then drilled bilaterally over each injection site (coordinates:  anterior-
posterior: 5.3 mm from interaural line, Medial-Lateral: 0.7 mm from sagittal suture, 
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Depth: 4.7 mm from dura).  For retrograde tracer injections (experiment 1), a pulled glass 
micropipette (30 µm tip diameter) containing the retrograde tracer, Cholera Toxin B 
(CTb; 0.5% in 0.1 m PB, pH 6.0) was lowered into the rostral mOT and subsequently 
deposited iontophoretically by passing a pulsatile (7s on 7s off) cathodal current (+5 µA) 
for 5-8 min using a current source (Stoelting, Wood Dale, IL, USA).  The pipette was left 
in place for 5 min post injection and withdrawn from the brain under a -5 µA anodal 
current to prevent backflow of the tracer.  Holes were then covered with bone wax and 
the midline incision was sutured.  Animals were given carprofen (5 mg/kg, s.c) 
preoperatively and for two days following surgery.  Subjects were injected with CTb in 
both hemispheres to maximize the probability of obtaining an accurate injection.  
However, back-labeled CTb+ cell bodies and FOS+ nuclei were quantified only within a 
single hemisphere for each animal, and only mice with accurate rostral mOT injections 
were included in this study.  Mice with inaccurate or absent CTb deposit (n=12) and/or 
appreciable spread of the retrograde tracer into adjacent brain regions (n=4) were 
excluded from analysis.  For experiment 2, an AAV containing the non-Cre dependent 
viral construct, AAV5-hSyn-HA-hM4D(Gi)-IRES-mCitrine was purchased from the 
University of North Carolina Vector Core and stored at -80°C.  Using the same 
stereotaxic coordinates described above, 200-300nl of either the virus (‘hM4Di’) or sterile 
PBS (‘Vehicle’) was injected via pressure injection at a rate of 250-300nl/min using a 5µl 
syringe with a 30-gauge needle (Hamilton Company, Reno, NV, USA).  The needle tip 
was left in place for 5-9 min to prevent backflow and subsequently retracted.  Holes were 
again covered with bone wax and the incision was sutured closed.  Animals were allowed 
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1 week to recover before commencing behavioral testing.  Only subjects with accurate 
(rostral mOT-specific) bilateral hM4Di infections (n=7) were included for analysis, as 
were vehicle (sterile PBS) injected control subjects (n=12).  Subjects with appreciable 
bilateral viral spread into adjacent nuclei (n=4) or lack of a detectable infection in one or 
both hemispheres (n=7) were excluded from analysis. 
Behavioral tests 
Locomotion test:   
To ensure that hM4Di receptor-expressing mOT neurons inactivated by 
Clozapine-N-Oxide (CNO; Enzo Life Sciences, Farmingdale, NY, USA) had no effect on 
subjects’ locomotor ability, subjects first underwent a 20 min open field locomotion test.  
Testing took place in Plexiglas boxes (57 ✕ 14 ✕ 19 cm) inside an isolation cubicle (61 ✕ 
65 ✕ 51 cm; Coulbourn Instruments, Allentown, PA).  Subjects’ moment-to-moment 
movements were tracked using a digital video camera and Any-Maze software (Stoelting 
Co., Wood Dale, Il, USA).  Subjects were allowed to move freely within the Plexiglas 
boxes, and total distance traveled during that time was recorded.  This test was 
administered twice, in the presence of CNO (5 mg/kg, given 30 min prior to test onset), 
and in the absence of CNO (saline injection given 30 min prior to test onset) in hM4Di-
infected and vehicle-injected (sterile PBS) controls using a counterbalanced design such 
that half of the subjects received CNO in the first locomotion test, while the other half 
received CNO in the second locomotion test.  Subjects did not receive progesterone prior 
testing.  Mean distance traveled by subjects in each group was compared using a 2-way 
repeated measures ANOVA, with Infection Type (hM4Di vs. Vehicle) and Drug 
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Treatment (CNO vs. Saline) serving as factors.  
Urinary odor preference: 
Two days following locomotion testing, female subjects in experiment 2 were 
brought into estrous with a P injection (500 µg, s.c.) and subsequently (4 hr later) 
received a “Non-contact (Volatiles Only)” odor preference test for testes intact male vs. 
estrous female urinary volatiles as previously described (Martel & Baum, 2009b; 
DiBenedictis et al., 2012).  Briefly, testing took place in subjects’ homecage wherein they 
were simultaneously presented with two biologically relevant odors:  testes-intact male 
urinary volatiles and estrous female urinary volatiles.  Twenty µl of the urinary stimuli 
were pipetted onto filter paper, secured to small weight boats, and placed in the food 
hopper of the subjects’ cage for 5 min.  In the “Volatiles Only” test, a wire mesh was 
placed between the odor source and the subject such that direct nasal contact was not 
permitted.  This test was administered twice (separated by 4 days), in the presence of 
CNO (5 mg/kg, given 30 min prior to test onset), and in the absence of CNO (saline-
injected) in hM4Di-infected and vehicle-injected (sterile PBS) controls using a 
counterbalanced design.  The location of each urinary odor stimulus (left vs. right) was 
switched for each test to control for a potential side bias.  Four days later, the same test 
was given again, except in this “Nasal Contact (Volatiles+Nonvolatiles)” test, the wire 
mesh barrier was removed allowing direct access to the urinary stimuli.  Again, two tests 
were given at 4-day intervals using a counterbalanced (±CNO) design for each group 
(hM4Di and Vehicle).  Time spent actively investigating each odor in each 5 min test was 
recorded.  Both nasal contact and non-contact test were given in order to assess the 
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relative contribution of MOE−MOB (non-contact) and VNO−AOB (nasal contact) inputs 
to the forebrain in pheromone-driven courtship behaviors, as both olfactory systems play 
a role in pheromone processing (Martel & Baum, 2007).  Two-way repeated measures 
ANOVAs (followed by Student-Newman-Keuls post hoc tests, where applicable) were 
then used to assess effects of Infection Type and Drug Treatment on difference scores 
(time spent investigating intact male urine minus time spent investigating estrous female 
urine) for “Noncontact (Volatiles Only)” and “Nasal Contact (Volatiles+Nonvolatiles)” 
tests as well as on total investigation times (time spent investigating intact male urine 
plus time spent investigating estrous female urine) for each test.   
Odor discrimination: 
To verify that subjects could discriminate between testes-intact and estrous female 
urinary volatiles, subjects underwent a home-cage habituation/dishabituation test as 
previously described (Martel & Baum, 2009b).  This test confirms whether or not deficits 
found in odor preference tests are due to a perceptual impairment, or due to a 
motivational deficit.  Subjects did not receive progesterone prior to these tests.  Each 
subject received two odor discrimination tests (separated by 2 days) ±CNO (5 mg/kg, 
given 30 min prior to test onset) using a counterbalanced design.  Paired t-tests were used 
to compare the mean investigation times for the third presentation of water with the first 
presentation of estrous female urine and the third presentation of estrous female urine 
with the first presentation of intact male urine for each group.  Between group 
comparisons for each dishabituation response were analyzed with a two-way repeated 
measures ANOVA with Infection Type and Drug Treatment serving as factors.  
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Cookie odor preference: 
To determine whether odor preference deficits for intact male urinary stimuli 
observed in mOT hM4Di+CNO treated-subjects was specific to pheromonal odors, 
subjects were given a 5 min cookie odor preference test.  Twenty-six hr prior to testing, 
food was removed from subjects’ food hopper and subjects were given 2.5g of Nutter 
ButterTM cookie.  After two hours, any residual cookie crumbs were removed from the 
cage and subjects were subsequently food deprived for 24 hrs to induce a motivational 
state wherein subjects should display an interest in investigating cookie odors.  This test 
was administered in a format identical to the “Non-contact (Volatiles Only)” urinary odor 
preference test, except that in this test, subjects had the choice to investigate volatiles 
emanating from 20µl Nutter ButterTM cookie dissolved in mineral oil on one side of the 
cage or mineral oil alone on the other side.  Subjects received two tests (separated by 2 
days) using a counterbalanced (±CNO; 5 mg/kg, given 30 min prior to test onset) design 
and odor locations were switched for each test to prevent side bias.  Time spent 
investigating each odor was recorded for each 5 min test.  Subjects did not receive 
progesterone prior to this test.  The mean time spent investigating each stimulus (cookie 
vs. mineral oil) was calculated for each group and compared using paired t-tests. 
Terminal Odor Exposure: 
 For experiment 1, five days after CTb injection, subjects were given an injection 
of progesterone (500 µg, s.c.) to induce behavioral estrous and were habituated in a 
terminal odor exposure cage (28 ✕ 16.5 ✕ 12.7 cm) for 4 hr in a dark fume hood.  This 
cage contained a perforated floor with clean bedding located 5 cm below the barrier such 
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that direct nasal access to the bedding stimulus below was prohibited.  Next, the top half 
of the cage (containing the subject) was gently removed and fitted to a cage bottom 
containing either clean bedding, testes intact male soiled bedding, or estrous female 
bedding plus 1 ml of urine spread atop the bedding from either estrous female or intact 
male donor mice (depending on the exposure) again located 5 cm below the same 
perforated floor barrier.  With this setup, subjects are not physically handled by the 
experimenter at the onset of odor exposure, which may reduce stress-induced FOS 
induction in many of the regions analyzed, as stress has been shown to induce FOS 
expression in many forebrain regions including hypothalamic and amygdaloid nuclei 
(Cullinan et al., 1995).  Animals were subsequently exposed for 90 min to volatiles 
emanating from either testes-intact male soiled bedding, estrous female soiled bedding or 
clean bedding.  Cages were placed on a heating pad on low heat for the duration of the 
exposure to maximize odor volatility.  We chose to expose females to the volatile 
components of salient odors in order to assess the specific contribution of the MOS in 
pheromone processing.  With this design, the MOS is presumably activated by the odor 
stimulus since direct access to soiled bedding is prohibited and previous work has shown 
that an intact MOE is necessary for volatile urinary odors to stimulate FOS in both the 
MOB and AOB (Martel & Baum, 2007). For experiment 2, subjects underwent terminal 
odor exposure in the same manner as experiment 1 subjects with two exceptions:  
subjects were always exposed to testes-intact male bedding/urinary volatiles and always 
received either an injection of CNO (5 mg/kg, i.p.) or saline 30 min prior to the onset of 
terminal odor exposure in order to assess the efficacy of CNO-induced hM4Di-infected 
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neuronal inhibition.  
Histological verification of CTb deposit & hM4Di infection 
 Ninety min after the onset of terminal odor exposure, subjects in experiment 1 and 
experiment 2 were perfused and their brains were subsequently removed, fixed, 
cryoprotected and sectioned coronally at 30 µm using a cryostat (DiBenedictis et al., 
2012).  For CTb and FOS immunodetection, tissues were first immunostained for FOS, 
then re-fixed in 4% paraformaldehyde (PFA) for 10 min and washed in PBST before a 
second immunostaining for CTb.  Briefly, free-floating tissues were first washed in PBS 
and peroxidases were inactivated by a 10 minute incubation in 40% methanol and 1% 
H2O2.  Sections were next incubated in 5% donkey blocking serum, followed by an 
overnight incubation in rabbit anti c-Fos (1:1000) in 5% donkey block at RT.  After 
washes in PBST, tissues were transferred to biotinylated donkey anti-rabbit (1:600) 
secondary antibody for 1 hr at RT.  After PBST washes, sections were incubated with 
ABC (1:200), rinsed in PBST and 0.05 m Tris–HCl buffer (pH 7.6), and visualized in 
DAB with nickel enhancement.  Following a 10 min refixation period in 4% PFA, tissues 
were washed and again blocked in 5% donkey serum.  Next, tissues were incubated in 
goat anti-CTb (1:40,000) in 5% donkey block overnight at RT.  After washing, tissues 
were transferred to biotinylated donkey anti-goat (1:600) for 1.5 hr at RT and 
subsequently washed and incubated with ABC (1:200), rinsed in PBST and 0.05 M Tris–
HCl buffer (pH 7.6), and visualized in DAB without nickel enhancement.  Thus, two 
different chromogens (DAB-nickel, black; and DAB-only, brown) were used for FOS 
and CTb staining, respectively.  After labeling, sections were mounted, rinsed in 50% 
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ethanol and coverslipped.  FOS+ neurons were quantified in the rostral mOT and lateral 
olfactory tubercle (lOT) of animals with missed CTb injections, often in the opposite 
hemisphere of an accurate CTb injection.  Since m-Citrine is a relatively poor reporter, 
we visualized hM4Di infection in experiment 2 using GFP immunodetection (due to their 
homologous protein structure).  Tissues were washed in PBST, blocked in donkey serum 
(0.25%) for 1 hr at RT and incubated overnight in rabbit anti-GFP (1:5000) at 4°C.  
Sections were subsequently rinsed in PBST and incubated in donkey anti-rabbit 488 
(1:600) in 0.25% donkey block at RT for 1 hr.  Tissues were then washed, mounted and 
coverslipped using VectaShield+DAPI (Vector Laboratories, Burlingame, CA, USA). 
Specific Experiments 
Experiment 1.  Female mice were first bilaterally ovariectomized and implanted with an 
estradiol (E2) capsule.  One week later, subjects were given an injection of the retrograde 
tracer, CTb into the rostral mOT and exposed five days later (to allow retrograde 
transport of the tracer) to volatiles emanating from testes-intact male soiled bedding/urine 
(n=11), estrous female soiled bedding/urine (n=8), or clean bedding/water, (n=8), while 
in behavioral estrus (a progesterone injection was given 4h prior to exposure in E2 primed 
females).  Subsequent identification of retrogradely labeled forebrain cell bodies that 
were or were not co-expressing FOS protein were identified based on differences in color 
and cellular localization (FOS: black, nucleus; CTb: brown, cytoplasm) using a light 
microscope with a 40✕ (oil) objective.  Two different types of labeling occurred and were 
quantified without knowledge of treatment group: (1) mOT-projecting, but not odor 
activated (CTb-labeled only); (2) both mOT-projecting and odor activated (CTb/FOS 
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double-labeled).  FOS+ and CTb+ cells were counted in 23 forebrain regions of interest 
(ROI) in a standard (3002 µm) counting area using the cell counter plugin in ImageJ and 
averaged from two non-overlapping tissue sections containing the ROI for each subject.  
The percentage of CTb+ cells that co-expressed FOS protein was calculated from the 
average of two tissue sections containing the ROI in 13 forebrain regions where 
CTb/FOS co-labeling was observed.  Comparisons between bedding/urine exposure 
groups for FOS alone and CTb/FOS co-labeling were carried out by post hoc Student–
Newman–Keuls tests following a significant one-way ANOVA. 
Experiment 2.  Female mice first underwent bilateral ovariectomy and were allowed one 
week to recover.  Upon recovery, subjects were given an injection of either sterile PBS 
(Vehicle) or virus containing the hM4Di construct into the rostral mOT and implanted 
with an estradiol (E2) capsule.  Following a 3 week infection/recovery period, subjects 
underwent 2 locomotion tests (±CNO), followed 4 days later by two (±CNO) “Non 
Contact (Volatiles Only)” odor preference tests (separated by four days) and 4 days later 
by two “Nasal Contact (Volatiles+Nonvolatiles)” odor preference test (±CNO), also 
separated by four days.  Two days following the last odor preference test, subjects were 
given two odor discrimination (habituation/dishabituation) tests (±CNO), followed 2 days 
later by two cookie odor preference tests (±CNO).  Subjects were next given a terminal 
odor exposure for intact male volatile odors in either the presence or absence (saline) of 
CNO and subsequently sacrificed.  Brain tissues were processed for GFP and infection 
rates were calculated by counting the total number of GFP+ neurons divided by the total 
number of neurons (visualized by DAPI) in 3 non-overlapping sections (rostral to caudal) 
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of the rostral mOT for each subject with accurate rostral mOT-hM4Di infections (n=7).  
Alternate tissue sections were processed for FOS protein and matched to adjacent rostral 
mOT–GFP+ tissues and the number of neuronal nuclei expressing FOS in the rostral mOT 
for each group (±CNO, given 30 min prior to terminal odor exposure) were counted and 
averaged from two adjacent non-overlapping sections.  The mean number of FOS+ cells 
in each group was compared using a two-way ANOVA followed by a Student–Newman–
Keuls post hoc test.  A small subset of pilot animals not included in the behavioral study 
were given unilateral hM4Di rostral mOT infections, followed by terminal odor exposure 
to male bedding volatiles in the presence of CNO.  Brain tissues were processed for GFP 
and FOS for qualitative (left vs. right hemisphere) verification of CNO-induced neuronal 
inhibition (see Figure 5G-H’). 
RESULTS 
 
Experiment 1:   
To determine whether rostral mOT neurons are selectively activated by volatile 
intact male bedding/urinary odors in estrous female mice, female subjects were exposed 
to either clean bedding, estrous female bedding (same-sex) or intact male bedding 
(opposite-sex) volatiles and forebrains were immunostained for FOS protein (Fig. 5.1A-
C).  Subsequent quantitative analysis of FOS protein expression showed that neurons in 
the rostromedial (F2,22 = 9.9, P<0.001), but not rostrolateral (F2,22 = 1.3, P>0.300), 
olfactory tubercle responded selectively to opposite-sex (male) volatile odors (Fig. 5.1D).  
FOS-IR analysis was expanded to multiple forebrain regions (Fig. 5.2) in subjects given 
CTb injections into the rostral mOT five days prior to terminal odor exposure (Fig. 5.3A), 
	  	  
103 
though the tracer often spread to include more caudal regions of the mOT as well (Fig. 
5.3B).  We found selective FOS augmentation specifically to male bedding/urinary 
volatile odors, but not same-sex (estrous female) bedding/urinary odors or clean bedding 
odors in the shell of the nucleus accumbens (AcbSh), ventral tegmental area (VTA), 
anterior (MeA), posterodorsal (MePD) and posteroventral (MePV) portions of the medial 
amygdala, the posteromedial cortical amygdala (PMCo) and the posteroventral portion of 
piriform cortex (vpPC).  The anterior cortical amygdala (Aco), posterolateral cortical 
amygdala (PLCo), anterior intermediate (iaPC) and ventral (vaPC) portions of piriform 
cortex, as well as the posterior intermediate piriform cortex (ipPC) responded equally to 
same-sex and opposite-sex odors, while the nucleus accumbens core (AcbC), basolateral 
amygdala (BLA), posterior bed nucleus of the stria terminalis (pBNST), basomedial 
amygdala (BMA), anterior (daPC) and posterior dorsal (dpPC) portions of piriform 
cortex, medial preoptic area (MPA), dorsomedial (VMHdm) and ventrolateral regions 
(VMHvl) of the ventromedial hypothalamus did not show FOS augmentation in response 
to either odor compared to clean bedding odor (Table 5.1).  Many ventral forebrain 
regions (indexed by CTb+ back-labeled cell bodies) sent axonal projections to the mOT, 
with the densest innervation originating from ‘main olfactory’ recipient amygdaloid and 
cortical nuclei, though regions of the ‘vomeronasal amygdala’ and structures associated 
with the mesolimbic dopamine system also innervated the mOT (Fig. 5.3C).   
We next asked whether neurons in any of the forebrain regions innervating the 
mOT respond to social odors.  This was achieved by immunostaining for both FOS and 
CTb (Fig. 5.4H).  Colocalization of FOS (nucleus) and CTb (cytoplasm) in response to 
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urinary volatiles was observed in 13 forebrain regions (Fig. 5.4I), however a significant 
percentage of neurons in both the MeA and VTA (Fig. 5.4A-G,I) were selectively 
activated (co-expressed FOS) by opposite-sex (male) bedding/urinary volatiles but not by 
bedding/urinary volatiles from same-sex (estrous female) conspecifics (MeA: F2,25 = 4.4, 
P<0.023; VTA: F2,25 = 4.9, P<0.017).   
Experiment 2:  
 Bilateral hM4Di infection specific to the rostral mOT (n=7) was visualized using 
low magnification epifluorescent (Fig. 5.5A) and high magnification confocal 
microscopy (Fig. 5.5A’) after immunolabeling with GFP, resulting in an average 
infection rate of 20±2.1%.  The majority of infected neurons were located in the rostral 
mOT, where the infection was centered though in most cases infection spread to include 
more caudal regions of the mOT.  Minor bilateral viral spread outside of the mOT was in 
some cases observed along the border of the lateral ventricles, in the navicular 
postolfactory nucleus (Nv), and in the nucleus of the vertical limb of the diagonal band of 
Broca (VDB).  Significant unilateral infection in the AcbSh and/or VDB was observed in 
3 subjects, but these animals were retained in the study since this spread only occurred in 
one hemisphere.  Since AAVs are transported predominantly in the anterograde direction 
(Harris et al., 2012), few retrogradely infected (GFP+) cell bodies were observed 
elsewhere in the brain.  The only region outside of the targeted infection area where GFP+ 
cell bodies were regularly found was in piriform cortex (PC), though retrograde infection 
levels were very low (~5-15 GFP+ cell bodies/section).  Anterogradely labeled (GFP+) 
fibers were observed in many regions known to receive input from the mOT, including 
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the main olfactory bulb (MOB), anterior olfactory nucleus (AON), PLCo, anterior and 
posterior PC, and the ventral pallidum (VP), with sparse labeling also observed in the 
caudate putamen (CPu) and VTA. 
 hM4Di activation by CNO results in transient neuronal silencing via 
hyperpolarization as well as via inhibition of presynaptic neurotransmitter release 
(Armbruster et al., 2007; Ferguson et al., 2011; Rogan et al., 2011; Stachniak et al., 
2014).  To confirm the efficacy of the DREADD technique in vivo, we determined 
whether mOT-hM4Di+ subjects given acute administration of CNO (5 mg/kg, i.p.) 30 
min prior to terminal odor exposure for intact male bedding/urinary volatiles would show 
reduced FOS expression in the rostral mOT compared to saline treated mOT-hM4Di+ and 
vehicle injected subjects (Fig. 5.5B-E’).  Analysis of FOS expression in the mOT 
revealed a main effect of Infection Type (F1,41 = 13.5; P<0.001) and Drug Treatment 
(F1,41 = 5.3; P<0.03), with a statistically significant interaction between Infection Type 
and Drug Treatment (F1,41 = 18.3; P<0.001).  Thus, as predicted, mOT-hM4Di+ subjects 
treated with CNO showed reduced neuronal activity (indexed by a reduction in FOS 
protein expression) compared to hM4Di+ subjects treated with saline or vehicle-injected 
subjects treated with either saline or CNO (P<0.05) (Fig. 5.5F).  A small subset of 
animals was unilaterally infected with hM4Di in the rostral mOT and subsequently 
exposed to male bedding/urinary volatiles 30 min after CNO treatment (5 mg/kg).  In this 
example, FOS protein expression was augmented in the non-infected hemisphere, but not 
in the infected hemisphere (Fig. 5.5G-H’), providing further evidence of hM4Di-induced 
neuronal silencing, within the same animal.  
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 The preference for intact male vs. estrous female urinary volatiles was abolished 
in hM4Di+CNO female subjects (P<0.05), whereas preferences were maintained in 
hM4Di+Saline, Vehicle+CNO, and Vehicle+Saline subjects, following an insignificant 
main effect of Infection Type (F1,37 = 1.6; P>0.02), significant main effect of Drug 
Treatment (F1,37 = 6.0; P<0.03) and significant Infection Type ✕ Drug Treatment 
interaction (F1,37 = 6.7; P<0.02) (Fig. 5.6A).  Similar effects were observed when direct 
nasal contact with the urinary stimulus was permitted (Fig. 5.6B). There was a significant 
Infection Type ✕ Drug Treatment interaction (F1,37 = 4.5; P<0.05), but no main effect of 
Infection Type (F1,37 = 2.4; P>0.14) or Drug Treatment (F1,37 = 4.1; P>0.05).  Preferences 
were observed for intact male over estrous female urine for hM4Di+Saline, 
Vehicle+CNO, and Vehicle+Saline groups, but not for hM4Di+CNO females (P<0.02).  
Total time spent investigating urinary stimuli was not affected by Infection Type (F1,37 = 
1.3; P>0.20), though there was a main effect of Drug Treatment (F1,37 = 8.4; P<0.01), 
with an insignificant Infection Type ✕ Drug Treatment interaction (F1,37 = 1.4; P>0.26) 
(Fig. 5.6C).  No group differences in total investigation times were observed when direct 
nasal access to the urinary stimulus was permitted (Fig. 5.6D), as there were no main 
effects of Infection Type (F1,37 = 0.3; P>0.58) or Drug Treatment (F1,37 = 0.002; P>0.96) 
and lack of a significant Infection Type ✕ Drug Treatment interaction (F1,37 = 0.007; 
P>0.93). 
Given that the mOT receives direct mitral/tufted cell input from the main 
olfactory bulbs (Igarashi et al., 2012; Newman & Winans, 1980; Haberly & Price, 1977) 
and likely plays a complementary role along with piriform cortex in early odor 
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processing (Wesson & Wilson, 2010; Murakami et al., 2005), we administered an odor 
discrimination task to ensure that DREADD-induced neuronal silencing in the mOT had 
no effect on subjects’ ability to discriminate between the odors tested (intact male vs. 
estrous female urinary volatiles).  All groups dishabituated from the final presentation of 
water to the first presentation of estrous female urine, as well as from the final 
presentation of estrous female urine to the first presentation of intact male urine 
(P<0.015) and there were no between group differences found in the amount of time 
investigating either the first presentation of estrous female urine (Infection Type: F1,37 = 
2.2; P>0.17; Drug Treatment: F1,37 = 0.02; P>0.89; Infection Type ✕ Drug Treatment: 
F1,37 = 1.0; P>0.32) or the first presentation of intact male urine (Infection Type: F1,37 = 
1.14; P>0.29; Drug Treatment: F1,37 = 1.59; P>0.22; Infection Type ✕ Drug Treatment: 
F1,37 = 1.0; P>0.74) (Fig 5.7A).  Furthermore, all groups strongly preferred to investigate 
cookie odor volatiles dissolved in mineral oil vs. mineral oil alone in a cookie odor 
preference test (Fig. 5.7B), suggesting that reduced motivation to investigate male 
pheromones in hM4Di+CNO subjects is not generalized to food odors (P<0.014).  
Finally, no significant differences were found in mean distance traveled across the 4 
groups in a 20 min open field locomotion test: Infection Type: F1,33 = 2.3; P>0.14; Drug 
Treatment: F1,33 = 0.40; P>0.67; Infection Type ✕ Drug Treatment: F1,33 = 0.9; P>0.41 
(Fig. 5.7C).              
DISCUSSION 
 The present results provide new evidence of a function for the mOT in 
pheromone-driven courtship behaviors.  We show that mOT neuronal activity plays an 
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essential role in motivating female mice to seek out male urinary pheromones.  When the 
rostral mOT of hM4Di-infected estrous females was silenced with CNO, preference for 
intact male over estrous female urinary volatiles and nonvolatiles was abolished, whereas 
preference persisted when subjects were treated with saline.  Furthermore, CNO 
treatment had no effect on a separate set of vehicle-injected subjects.  Paradoxically, the 
level of preference for intact male over female urinary odors was greatest in control tests 
where subjects were given access to only the volatile components of the odor stimulus 
and reduced in tests where access to volatile and nonvolatile components of the urinary 
stimulus (presumably the more salient stimulus) was permitted.  This effect may reflect 
the order in which the tests were given, since all subjects first received two non-contact 
tests (±CNO) followed by two contact (±CNO) tests, each separated by 4 days.  We 
observed that although a preference for male urine persisted in control subjects, that there 
was a reduced interest in the odors presented across groups by the third and fourth nasal 
contact tests, which is evident in the total amount of time subjects spent investigating 
both odors.  Thus, repeated testing attenuated females’ preference for male odors.  
Importantly, all subjects were able to discriminate between the odors tested in an odor 
discrimination task, including mOT-hM4Di+ subjects treated with CNO.  This suggests 
that although the OT may play a role in odor processing/perception (Payton et al., 2012), 
even subjects with a silenced mOT were able to perceive differences between the odors 
tested, as indexed by a robust dishabituation response to each odor.  This lends credence 
to the hypothesis that the mOT modulates pheromone-driven behaviors by attributing 
saliency to these odors, either locally or via its reward-associated projection targets 
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(FitzGerald et al., 2014) and that reduced preference for male odors did not result from 
impaired detection or discrimination of male and female urinary pheromones.  
Importantly, mOT-hM4Di subjects, after receiving CNO, retained their preference for 
volatile cookie odors over mineral oil, suggesting that the mOT plays a specific role in 
pheromone-driven motivated behaviors, but not in subjects’ motivation to investigate 
food odors.  Insofar as the mOT receives pheromonal input from pheromone-recipient 
limbic/amygdaloid structures (such as the MeA, see experiment 1 results) the hypothesis 
that its role in motivated behaviors may be restricted to those that concern the processing 
of salient conspecific odors is plausible.  Lastly, hM4Di activation by CNO in the mOT 
had no effect on locomotor activity, as all subjects showed no locomotor deficits in an 
open field locomotion test.  Accordingly, deficits in preferences for male odors were not 
due to a physical inability to approach/investigate odor stimuli.  
 Our results confirm and extend a recent report by Agustin-Pavon and colleagues 
(2014) who showed that preference for male over female odors was eliminated in female 
subjects given bilateral electrolytic lesions of the medioventral striato-pallidum (mvStP), 
a region which includes the mOT.  However, there are several strengths of the current 
study.  Infection was largely confined to the mOT, with minimal spread of infection into 
adjacent brain regions, providing a relatively precise degree of spatial specificity.  
Additionally, the neuronal silencing induced by CNO in DREADD subjects is reversible, 
which allows subjects to serve as their own controls in the absence of the drug, thus 
providing enhanced temporal control.  Finally, unlike electrolytic lesions, fibers of 
passage are not damaged with this approach.  Agustin-Pavon and colleagues (2014) also 
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showed that lesions of the posterolateral striato-pallidum did not abolish females’ 
preference for male chemosignals.  Indeed, we observed FOS augmentation in response 
to male bedding volatiles in the medial, but not lateral, portion of the OT and the medial 
and lateral portions of the OT appear to be differentially implicated in reinforcing 
behaviors (Ikemoto, 2007).     
We observed a selective activation of the mOT (indexed by augmented FOS 
expression) specifically in response to opposite-sex (male) soiled bedding, but not same-
sex or clean bedding volatiles.  This finding provided initial evidence that the mOT may 
be involved in processing volatile pheromonal odors.  The present results also 
corroborate and extend previous reports (Martel & Baum 2009a; Kang et al., 2009) that 
showed selective activation of segments of the classical vomeronasal (MeA, MePV, 
MePD, PMCo) and main olfactory projection pathway (vpPC) as well as ‘reward’ 
associated nuclei (AcbSh, VTA), though we did not corroborate augmented FOS 
expression in the ACo, PLCo, pBNST or in hypothalamic regions (MPA, VMHvl) 
specifically in response to male (but not same-sex or female) volatile pheromones.  These 
differences likely reflect disparities in odor stimulus (male soiled bedding volatiles vs. 
urinary volatiles) as well as exposure paradigm (volatiles emanating from bedding below 
a perforated barrier in a large chamber vs. urinary volatiles blown into a narrow chamber 
with forced air).  In the current study, although trends for selective FOS augmentation to 
male odors were similar to those previously reported, the overall level of FOS expression 
was generally lower.  Lower baseline FOS expression is likely due to reduced stress 
levels endured by subjects compared to prior studies, as here subjects were placed in a 
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larger cage where they were able to move freely and, once placed in the habituation cage, 
were never directly handled by the investigator.  The male-derived volatile odors used in 
this study are most likely perceived by the main olfactory epithelium (MOE), since in a 
similar previous study (Martel & Baum, 2007), selective activation of these same 
forebrain structures by male urinary volatiles were eliminated after chemical lesions of 
the MOE, suggesting that the MOS plays an essential role in processing male pheromonal 
odors in female mice.  Retrograde labeling of cell bodies in subjects given CTb injections 
was found in many forebrain regions known to innervate the mOT.  Here, we provide an 
estimate of the degree of innervation of the mOT by these sites by counting CTb+ cell 
bodies in each ROI.  The majority of inputs to the mOT arise from ‘main olfactory’ 
recipient cortical nuclei, such as from PC, though there were also a relatively large 
number of back-labeled cell bodies observed in the VTA and BLA.  ‘Vomeronasal’ 
recipient nuclei, including the MeA and PMCo also target the mOT, though to a much 
lesser extent than PC.  By combining retrograde tract tracing with FOS expression in 
response to male, female, or clean bedding volatiles, we observed that a significant subset 
of neurons projecting to the mOT from the MeA and VTA responded selectively 
(expressed FOS) to male bedding, but not female or clean bedding odors.  This suggests 
that the MeA and VTA are key regions driving the selective activation of the rostral mOT 
in response to male bedding volatiles.  In support of this finding, we and others have 
previously shown using anterograde tract tracing techniques that the MeA sends 
relatively dense axonal inputs to the mOT, which are hypothesized to transmit salient 
pheromonal information (DiBenedictis et al., 2014a; Pardo-Bellver et al., 2012).  The 
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MeP may also drive activity in the mOT via polysynaptic inputs involving the pBNST 
and PMCo, as these regions receive dense axonal inputs from the MeP and have also 
been shown to target the mOT complex (Novejarque et al., 2011; Ubeda-Banon et al., 
2008).  The VTA provides dopaminergic innervation to the ventral striatum (VS), 
including the Acb, VP and OT complex.  The majority of the innervation of the medial 
aspects of the VS, including the mAcb and mOT, arise from cell bodies located in the 
posteromedial VTA (Ikemoto, 2007), which is validated in the current report.  VTA-
originating DA modulation in the medial VS is necessary for numerous reward processes 
(Ikemoto, 2007).  Additionally, neurons in the VTA express FOS in response to opposite-
sex odors (Moncho-Bogani et al., 2005; Martel & Baum 2009a; Kang et al., 2009), thus 
implicating this region in the processing of salient olfactory information.  More recently, 
we have shown that dopaminergic modulation (presumably arising from cell bodies in the 
posteromedial VTA) of the mAcb and mOT is necessary for the display of pheromone-
driven courtship behaviors in estrous female mice (DiBenedictis et al., 2014b in press), 
further implicating the VTA (and its projections to the medial VS) in pheromone 
reinforcement.   
The mOT is an understudied and functionally diverse brain region.  It is 
interconnected with olfactory structures including the MOB, PC, and the ‘vomeronasal 
amygdala’ (including the Me) as well as hypothalamic, hippocampal, and reward-
associated brain regions such as the Acb, LS, VTA, VP, and CPu, among others (Wesson 
& Wilson, 2011).  It plays a role in odor processing (Payton et al., 2012) and has also 
been linked to drug reinforcement (Ikemoto, 2010).  Given its location at the interface 
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between olfactory/pheromonal and motivational brain regions, the mOT is well situated 
to modulate pheromone-driven approach behaviors.  The majority of striatal mOT 
neurons are inhibitory (GABAergic) MSNs and it is therefore likely that many of the 
neurons infected in the present study are inhibitory MSNs.  Consequently, inhibition of 
these neurons by CNO may lead to the disinhibition of neurons in downstream targets 
such as in the CPu and elsewhere whose function may be to suppress motor programs 
necessary for pheromone-driven approach.  Future studies should employ genetically 
guided cell-specific techniques concomitant with DREADD and/or optogenetic 
technology to selectively activate or inhibit specific mOT cell types in behaving animals 
in order to further specify the role of this region in in mediating the effects of 
pheromones on courtship behavior.  
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Figure 5.1: 
 
Medial (mOT), but not lateral (lOT) olfactory tubercle neurons were selectively activated 
by volatiles emitted from opposite-sex soiled bedding.  A-C, Representative 
photomicrographs depicting FOS protein expression in the mOT of female subjects 
exposed to volatiles from clean bedding (A), estrous female soiled bedding (B) and testes 
intact male soiled bedding (C). (D) Average number of FOS-immunoreactive cells 
(±SEM) observed in the medial and lateral olfactory tubercle in response to volatiles 
from clean bedding, estrous female soiled bedding or testes-intact male soiled bedding.  
*p<0.01; **p<0.001 (SNK post hoc tests following a significant overall ANOVA).  
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Figure 5.2:   
 
Modified schematic from the mouse brain atlas of Franklin and Paxinos (2008) showing 
the forebrain regions in which FOS-IR, CTb-IR and FOS-IR+CTb-IR cells (light gray 
boxes; 3002 µm) were counted.  Counting regions (from left to right) included the medial 
and lateral olfactory tubercle (FOS only) (A), the shell and core of the nucleus 
accumbens (B), the medial preoptic area, dorsal, intermediate and ventral anterior 
piriform cortex (C), posterior division of the bed nucleus of the stria terminalis (D), 
anterior medial amygdala, anterior cortical amygdala, dorsal, intermediate, and ventral 
posterior piriform cortex (E), dorsomedial and ventrolateral divisions of the ventromedial 
hypothalamus, posterodorsal and posteroventral medial amygdala, basomedial and 
basolateral amygdala, and posterolateral cortical amygdala (F), posteromedial cortical 
amygdala (G), and ventral tegmental area (H).  Numerical values represent the distance in 
mm from bregma for each section (Franklin and Paxinos 2008).   
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Figure 5.3: 
 
(A) Representative photomicrograph depicting an mOT-cholera toxin B (CTb) injection.  
(B) Schematic reconstruction of coronal sections of the largest (dark gray) and smallest 
(light gray) injection site in female mice given CTb injections in the mOT.  Sections are 
ordered sequentially from anterior (left) to posterior (right), with the numbers shown 
representing the distance in mm anterior to bregma for each section.  Adapted from 
Franklin and Paxinos (2008). (C) Mean (±SEM) number of back-labeled CTb+ cell 
bodies in various forebrain sites in female mice given CTb injections into the mOT five 
days previously (n=30).  AcbC, AcbSh, nucleus accumbens core, shell; VTA, ventral 
tegmental area; MeA, MePD, MePV, anterior, posterodorsal and posteroventral medial 
amygdala; pBNST, posterior bed nucleus of the stria terminalis; BMA, BLA, basomedial 
and basolateral amygdala; Aco, PLCo, PMCo, antero, posterolateral, posteromedial 
cortical amygdala; daPC, iaPC, vaPC, dpPC, ipPC, vpPC, anterodosal, intermediate, 
ventral, posterodorsal, intermediate, ventral piriform cortex; MPA, medial preoptic area; 
VMHvl, VMHdm, ventrolateral, dorsomedial portions of the ventromedial hypothalamus.     
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Table 5.1: 
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Figure 5.4: 
 
A subset of retrogradely-labeled neurons in the anterior medial amygdala (MeA) and 
ventral tegmental area (VTA) in female mice given a prior injection of CTb in the mOT 
coexpressed FOS in response to opposite-sex (male) volatile odors from soiled bedding.  
A,B, Representative photomicrographs depicting back-labeled CTb+ (brown) and FOS+ 
(black) neurons in the MeA (A) and the VTA (B).  White arrows point to neurons 
positive for FOS and CTb. C-G, High magnification (100x) photomicrographs depicting 
colabeled (CTb+/FOS+) neurons demarcated by white arrows in the MeA (C-E) and VTA 
(F,G).  H-I, Effect of volatiles emitted from soiled bedding on the expression of FOS in 
various forebrain neurons of estrous female mice that were retrogradely labeled by a prior 
injection of cholera toxin B (CTb) into the mOT. (H) Three types of possible labeling 
occurred following mOT-CTb injections and volatile bedding exposure:  FOS single-
labeled (FOS), CTb single-labeled (CTb) and CTb/FOS double-labeled (CTb+FOS).  (I) 
The mean percentage (±SEM) of CTb-labeled (mOT-projecting) cells that coexpressed 
FOS in response to volatiles from clean bedding estrous female soiled bedding, or testes 
intact male soiled bedding is shown in 13 forebrain regions where FOS/CTb 
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colocalization was observed. *p≤0.03 (SNK post hoc tests following a significant overall 
ANOVA). 
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Figure 5.5. 
 
A, Representative epifluorescent photomicrograph depicting bilateral hM4Di infection in 
the rostral mOT, immunolabeled with GFP.  A’ Z-plane stacked confocal image showing 
GFP+ cell bodies and fibers magnified from the white box in (A), counterstained with 
DAPI.  B, Bilateral hM4Di-infected mOTs in an estrous female subject treated with CNO 
30 min prior to exposure to testes-intact male bedding volatiles. C, Photomicrograph 
depicting low FOS protein expression in response to male bedding volatiles in an 
adjacent section of forebrain depicted in (B) in a CNO-treated subject.  C’, high 
magnification photomicrograph of the boxed area shown in (C).  D, Bilateral hM4Di-
infected mOTs in an estrous female subject treated with saline 30 min prior to exposure 
to intact male bedding volatiles. E, Photomicrograph depicting augmented FOS protein 
expression in response to male bedding volatiles in an adjacent section of forebrain 
depicted in (D) in a saline-treated subject.  E’, high magnification photomicrograph of the 
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boxed area in (E) showing FOS+ cell bodies.  F, hM4Di-CNO treated subject showed 
reduced FOS protein expression following exposure to testes-intact male soiled bedding 
volatiles compared to hM4Di-Saline treated, Vehicle-CNO treated, and Vehicle-Saline 
treated subjects.  (F) Mean number of FOS-immunoreactive cells (±SEM) observed in the 
mOT in response to volatiles from testes intact male soiled bedding.  Different letters 
above columns in each group indicate statistically significant differences from each other 
(2-way repeated measures ANOVA with one factor repetition followed by SNK post hoc 
test).  The number of subjects in each group is given within columns in parentheses.  G, 
Photomicrograph depicting reduced FOS protein expression in the left hemisphere of a 
left hemisphere (unilateral) hM4Di-infected animal treated with CNO, shown in H’.  The 
right (non-infected) hemisphere shows augmented FOS protein expression in response to 
testes-intact male bedding volatiles.  The lack of infection in the right hemisphere is 
confirmed by an absence of GFP labeling shown in (H).  
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Figure 5.6: 
 
A, B, Effect of bilateral CNO-induced mOT silencing (hM4Di+CNO) on the preference 
of ovariectomized, estradiol and progesterone-primed female mice to investigate urinary 
odors from estrous female versus testes-intact male mice presented simultaneously in the 
subjects’ home cage. (A) Subjects’ preference for volatile urinary odors presented outside 
the home cage (Non-Contact – Volatiles Only) and (B) subjects’ preference for volatile 
plus non-volatile urinary odors presented inside the home cage (Nasal Contact – 
Volatiles+Nonvolatiles).  Data are represented as the average (±SEM) time spent 
investigating intact male urine minus the time spent investigating estrous female urine for 
each group.  Different letters above columns in each group indicate statistically 
significant differences from each other (2-way repeated measures ANOVA with one 
factor repetition followed by SNK post hoc test). The number of subjects in each group is 
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given within columns in parentheses.  C,D, Effect of bilateral CNO-induced mOT 
silencing (hM4Di+CNO)  on the total amount of time ovariectomized, estradiol and 
progesterone-primed female mice spent investigating urinary stimuli. (C) Total amount of 
time subjects spent investigating intact male + estrous female urinary volatiles (Non-
Contact – Volatiles Only).  (D) Total amount of time subjects spent investigating intact 
male plus estrous female urinary volatiles and non-volatiles (Nasal Contact – 
Volatiles+Nonvolatiles).  Data are represented as the average (±SEM) time spent 
investigating intact male urine plus the average time spent investigating estrous female 
urine for each group (p>0.05, 2-way repeated measures ANOVA with one factor 
repetition).  The number of subjects in each group is given within columns in 
parentheses.   
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Figure 5.7: 
 
A, Effect of bilateral CNO-induced mOT silencing (hM4Di+CNO) on the ability of 
estradiol-primed female mice to discriminate between testes-intact male and estrous 
female volatile urinary odors presented outside of the home cage (Volatiles Only).  Each 
stimulus was presented three consecutive times.  Estrous female vs. testes-intact male 
urinary volatiles were reliably discriminated by all groups (Paired t-test comparisons of 
mean investigation times of third water vs. first female urine, and third female urine vs. 
first male urine; *, +, #, **, p<0.001).  No between group differences in the level of 
investigation during the first presentation of estrous female urine and the first 
presentation of intact male urine were observed (p>0.05, 2-way repeated measures 
ANOVA with one factor repetition).  B, Effect of bilateral CNO-induced mOT silencing 
(hM4Di+CNO) on the preference of estradiol-primed female mice to investigate volatiles 
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emanating from cookie odor dissolved in mineral oil versus mineral oil alone presented 
simultaneously in the subjects’ home cage.  Data are represented as the mean (±SEM) 
time spent investigating each odor (*, p<0.01, paired t-test comparisons of mean 
investigation times for each odor).  C, Effect of bilateral CNO-induced mOT silencing 
(hM4Di+CNO) on the ability of estradiol-primed female mice to show normal levels of 
locomotion.  Data are represented as the mean (±SEM) distance traveled (in meters) in a 
20 min open field test (p>0.05, 2-way repeated measures ANOVA with one factor 
repetition).  The number of subjects in each group is given within columns in 
parentheses. 
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CHAPTER SIX 
General Discussion 
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There exists an extensive amount of data gained from behavioral, functional, and 
anatomical experiments pointing to the importance of the olfactory system and its 
downstream targets in mate recognition and reproduction in rodents.  Putative 
pheromonal odors activate both the main and accessory olfactory systems to drive 
approach behaviors and subsequent reproduction.  Although the importance of 
pheromonal signaling via the AOS in controlling these behaviors is well established, the 
contribution of the MOS is a subject of more recent investigation.  Indeed, the MOS also 
plays a significant role in chemical communication in rodents (Baum, 2012).  This opens 
the possibility that chemical communication in humans may be transduced via the MOS, 
given the lack of a functional AOS in our species (Kouros-Mehr et al, 2001; Meredith, 
2001).  Far less is known about the functional connectivity between pheromone-recipient 
forebrain structures and the neural circuits that control sexual attraction and motivation.  
Presumably, pheromonal stimuli that regulate attraction to mates and the expression of 
sexual behavior are coordinated with brain regions that reinforce behaviors necessary for 
reproduction.  The purpose of this thesis was to begin to elucidate the anatomical and 
functional connectivity among tertiary pheromone-recipient structures (e.g., the medial 
amygdala) and brain regions implicated in reinforcing/motivated behaviors, including the 
ventral striatal complex (Acb, mOT) and the VTA.  This was achieved by addressing four 
specific questions: 1) Do Me subregions play distinct roles in appetitive and 
consummatory aspects of courtship behaviors in estrous female mice?  2) Do Me 
subregions differentially project to downstream forebrain targets, including those 
associated with the mesolimbic dopamine ‘reward’ system?  3) Do dopaminergic inputs 
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to the anteromedial ventral striatum modulate the normal preference of female mice to 
investigate male pheromones?  4) Are mOT-projecting neurons from pheromonal and 
reward-associated sites selectively activated by male pheromones and is a functional 
mOT necessary for mate recognition in estrous female mice?  
THE MEDIAL AMYGDALA IS NECESSARY FOR THE NORMAL 
PREFERENCE FOR MALE URINARY ODORS AND LORDOSIS BEHAVIOR 
IN ESTROUS FEMALE MICE 
 The Me receives pheromonal inputs from projection neurons (mitral cells) in the 
AOB as well as the ventral MOB (Pro-Sistiaga et al., 2007; Kang et al., 2009).  In female 
mice, both an intact VNO and MOE are necessary for the display of the reflexive lordosis 
posture in estrous female mice (Keller et al., 2006a,b).  My results extend this 
phenomenon one synapse further down the pheromone circuit: electrolytic lesions of 
either the MeA or MeP (or an area that included both subregions) significantly reduced 
lordosis behavior in response to male mounts compared to sham operated controls; 
however differences in lordosis quotients between shams and lesioned subjects were 
generally smaller in my study.  This may reflect strain differences (C57B1/6J vs. Swiss 
Webster), subjective differences in qualifying lordosis, or, more likely, differences in the 
location of the lesion.  For example, VNO removal completely eliminates VNO-
originating pheromonal input to the AOB (and thus its downstream targets).  However, 
with Me lesions, other vomeronasal recipient structures, such as the PMCo may play a 
role in transmitting pheromonal cues to hypothalamic structures necessary for sensitizing 
females to the lordosis-inducing effects of flank stimulation received at the time of 
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mounting.  It would be interesting to determine whether focal bilateral lesions of other 
pheromone recipient structures (such as the PMCo) are also necessary for the display of 
lordosis in estrous female mice.  The necessary role of the Me in sexual behavior is 
corroborated in female hamsters (Petrulis & Johnston, 1999) and rats (Kondo & Sakuma, 
2005) however, to the best of my knowledge, no data exists concerning the specific role 
of Me subregions in male mouse sexual behavior, though large bilateral Me lesions 
(which include both MeA and MeP subregions) have been shown to eliminate mating 
behavior in the male hamster (Lehman et al., 1980).  Given that an intact VNO is not 
necessary for normal mating performance in male mice (Pankevich et al., 2004) and the 
majority of Me inputs arise from AOB M/T cells, I would predict that an intact Me is not 
necessary for the display of sexual behavior in male mice.  In support of this prediction, it 
was found that focal radiofrequency lesions of either the MeA or the MeP had no effect 
on copulatory behavior in male rats, though lesions of the MeP eliminated non-contact 
erections with conscious females as stimuli (Kondo & Sachs, 2002; Kondo et al., 1998).  
However, the MOE is necessary for the display of sexual behavior in male mice (Keller 
et al., 2006c); consequently, the possibility exists that MOB-originating inputs to the Me, 
perhaps arising from TRPM5-expressing ORNs, are necessary for the display of male 
sexual behavior in mice, but not in rats.      
 I found that estrous female mice with lesions that included the MeP lost their 
preference for testes-intact over castrated male urinary odors.  This effect was observed 
when both direct contact with the urinary stimulus was allowed as well as when it was 
prohibited, suggesting that the MOS also mediates the preference of female mice for 
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breeding male odors.  However, lesions of the MeA did not disrupt females’ odor 
preference.  Lesions of the entire Me were shown to disrupt the preference of female 
hamsters for male vs. female odors (Petrulis & Johnston, 1999).  We extend the findings 
of this study by demonstrating that this effect is MeP- (but not MeA) dependent in female 
mice.  Additionally, we provide further evidence that this effect is likely to be male 
pheromone-driven, since we compared preference for testes-intact vs. castrated male 
urinary odors, and many studies have shown that the production of known male 
pheromones is testosterone-dependent (Lin et al., 2005; Jemiolo et al., 1986; Liberles et 
al., 2006).  It is worth noting that (unlike female mice) in male Syrian hamsters, MeA 
lesions resulted in increased investigation of both same and opposite-sex odors, while 
MePD lesions resulted in decreased attraction toward female odors, though lesions of 
either region eliminated opposite-sex odor preferences (Maras & Petrulis, 2006).  It 
would be interesting to determine whether these disparities reflect either organizational 
and/or activational sex differences in the functional anatomy of the Me, especially given 
that the MeP is rich in steroid receptor-expressing neurons whose activity is likely subject 
to modification by circulating androgens (Cooke et al., 2003; Cooke & Woolley, 2005a; 
Cooke, 2006).  
ANATOMICAL DIFFERENCES IN THE EFFERENT PROJECTIONS OF THE 
ANTERIOR AND POSTERIOR SUBDIVISIONS OF THE MEDIAL AMYGDALA 
IN FEMALE MICE 
 I predicted that the ability of MeP (but not MeA) lesions to disrupt the normal 
preference of female mice for breeding male chemosignals might be in part reflected in 
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differences in the downstream projection targets of these two amygdaloid subnuclei.  
Efferent medial amygdaloid projections had been previously characterized in male and 
female mice and hamsters (Pardo-Bellver et al., 2012; Usunoff et al., 2009; Gomez & 
Newman, 1992).  However, these studies lacked a quantitative comparison of the 
innervation density of MeA vs. MeP axonal targets and instead relied on subjective, 
qualitative differences.   
Using anterograde tract tracing techniques along with confocal microscopy, I 
established a method for quantifying synaptic puncta in MeA and MeP projection targets 
in order to make a quantitative comparison between MeA vs. MeP innervation of many 
forebrain targets associated with sociosexual behavior.  Since deficits observed in odor 
preference were restricted to focal lesions of the MeP in female mice, I hypothesized that 
Me targets that mediate appetitive/motivational aspects of social behavior were likely to 
be more densely innervated by the MeP, while regions that are implicated in actual 
mating behavior (such as the VMH and MPA of the hypothalamus) likely receive an 
equal degree of innervation from the MeA and MeP.  In particular, ventral striatal nuclei 
including the Acb and mOT were considered prime candidates for receiving direct, dense 
input from the MeP, but not from the MeA.  However, I found that the MeA more 
densely innervated the mOT, while the MeP more densely innervated posterior 
subregions of the BNST as well as the PMCo, and neither region sent significant inputs to 
the Acb.  This paradoxical finding highlights the complexity of the forebrain circuits that 
control sociosexual behaviors in rodents.  Indeed, the BNST and PMCo densely innervate 
the ventral striatum (VS; Novejarque et al., 2011; Ubeda-Banon et al., 2008), and the 
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BNST itself has been implicated in appetitive courtship behaviors in female hamsters 
(Martinez & Petrulis, 2011).  Thus, the MeP likely feeds pheromonal information to 
regions of the VS (including the mOT) via polysynaptic inputs involving the PMCo and 
BNST, while the MeA may directly drive mOT neuronal activity.  More work is needed 
to map the polysynaptic inputs from the MeP to the VS as well as to functionally dissect 
the relative importance of monosynaptic (MeA−mOT) and polysynaptic 
(MeP−BNST−VTA−mOT and MeP−PMCo−mOT) inputs to the VS in behaving animals 
(see future directions).  
SELECTIVE ACTIVATION OF THE FEMALE MEDIAL OLFACTORY 
TUBERCLE BY MALE PHEROMONES IS DRIVEN BY MEA AND VTA 
INPUTS 
 Opposite-, but not same-sex volatile odors emanating from soiled bedding 
activated the mOT in estrous female mice, implicating this region in pheromonal odor 
processing.  This effect is likely mediated by MOS activation, since females only had 
access to the volatile components of the soiled bedding stimulus and previous work has 
shown that an intact MOE is necessary to drive FOS induction in the AOB in response to 
volatile opposite-sex urinary odors; a phenomenon which occurs via centrifugal inputs 
relayed between the MOB, MeA and AOB (Martel & Baum, 2007; Martel & Baum, 
2009a).  It is not currently known whether direct nasal access to the bedding stimulus 
would further drive FOS expression in the mOT or if this effect is entirely MOS-
dependent.  Also unknown is whether it is necessary for females to be in behavioral 
estrous in order to induce this physiological response in the mOT, since this experiment 
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was accomplished only in estrous female mice.  It is reasonable to assume that inducing 
behavioral estrous in female mice with estradiol and progesterone treatment may 
modulate neuronal excitability in the pheromone circuit, resulting in a motivational state 
wherein female subjects display heightened attention/attraction toward male odors.  Also 
currently unknown is whether the mOT is activated in male mice in response to female 
(and/or male) pheromonal odors.   
My functional neuroanatomical study revealed that neurons in the MeA and VTA 
that project to the mOT responded selectively to male pheromones.  These projections are 
likely responsible for driving the augmented FOS response to male odors observed in the 
mOT of female mice.  VTA neurons provide dense dopaminergic input to the mOT, and 
the VTA is a key component of the mesolimbic reward system (Ikemoto, 2010).  What 
remains to be determined is which pheromone-recipient regions of the brain drive VTA 
neurons in response to male pheromones.  The MeP stands out as a likely candidate for 
driving VTA neuronal activity in response to opposite-sex pheromones since the female 
MeP shows augmented activity in response to male pheromones (Kang et al., 2009) and 
densely innervates the BNST (Pardo-Bellver et al., 2012; DiBenedictis et al., 2014a), a 
region which also shows pheromone-induced FOS augmentation in females (Kang et al., 
2009; Martel & Baum, 2009a).  Moreover, the BNST is known to extend projections to 
the VTA whose function is to disinhibit dopaminergic VTA projection neurons (Georges 
& Aston-Jones 2001; Kudo et al., 2012).    
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DOPAMINE MODUALTION IN THE ANTERIOMEDIAL VENTRAL 
STRIATUM IS NECESSARY FOR FEMALES’ PREFERENCE FOR MALE 
PHEROMONAL ODORS 
 Medial subregions of the ventral striatum, including the mAcb and mOT, receive 
dense dopaminergic innervation from cell bodes located in the posteromedial VTA 
(Ikemoto, 2010).  I hypothesized that dopaminergic modulation of the mOT was 
necessary for the display of courtship behaviors in female mice.  Both male and female 
mice find opposite-sex odors rewarding, indexed by the acquisition of a conditioned 
place preference for access to these odors (Korzan et al., 2013; Martinez-Ricos et al., 
2007).  Additionally, the VTA is selectively activated by opposite-sex odors in male and 
female mice (Moncho-Bogani et al., 2005; Pankevich et al., 2006b; Kang et al., 2009), 
and male rats exposed to estrous female odors exhibited increased DA release in the Acb 
(Mitchell & Gratton, 1992; Fiorino & Phillips, 1999a).  In order to assess the possible 
role of DA in the mOT in response to opposite-sex odors, I sought to lesion DA inputs to 
the mOT with focal infusions of 6-OHDA.  However, my experiment was not entirely 
successful in that I was not able to confine the spread of the neurotoxin to the mOT.  This 
resulted in the generation of subjects that possessed DA lesions of either mAcb or 
mAcb+mOT.  Despite this drawback in the specificity of the DA lesion, it was found that 
females with bilateral lesions of the mAcb or mAcb+mOT lost their preference for intact 
male over estrous female volatiles and volatiles+nonvolatiles, whilst retaining their 
preference for sucrose, another hedonic stimulus.   
It is hypothesized that DA release in the ventral striatum may underlie multiple 
	  	  
136 
psychological components of reward.  ‘Reward’ is thought to comprise at least three 
components, including hedonic ‘liking’, incentive salience/motivational ‘wanting’ and 
learning (Berridge & Robinson, 2003).  Under this view, DA may be released in the 
ventral striatum during the investigation/consumption of an unconditioned rewarding 
stimulus, thus encoding ‘liking’ or ‘pleasure.’  Alternatively, DA may be released in 
anticipation of the reward, which may serve to motivate the animal to seek out the 
‘wanted’ rewarding stimulus.  Lastly, DA may also be released in response to a cue that 
has been associated with the reward though learning (Berridge & Robinson, 1998). 
In my study, it is difficult to parse out which aspect of pheromone reward 
dopamine release in the ventral striatum may be signaling.  Given that female subjects in 
our study were sexually naïve, and likely to be chemically naïve (or at least to have had 
very limited prior access to male odors; see Chapter 2: Materials & Methods) it is most 
likely that DA modulation in this case underlies male pheromone-induced ‘liking.’  Yet 
the possibility exists that females may have had prior access to at least volatile male 
odors, thus ventral striatal DA may also be signaling ‘wanting,’ which in turn motivates 
the animal to investigate the odor.  Indeed, DA modulation in the anteromedial VS may 
play a role in both aspects of pheromone reward.  More experiments in subjects known to 
be ‘chemically naïve’ from birth are needed to test this directly as well as to test the 
hypothesis that volatile male odors are intrinsically attractive to females and do not 
become secondarily reinforcing after prior exposure to non-volatile male pheromones 
(processed by the AOS), as was previously suggested (Martinez-Garcia et al., 2009; 
Ramm et al., 2008).  VTA-originating DA release from terminals in the mAcb and mOT 
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in response to male odors likely plays a role in the attribution of saliency to these odors, 
driving downstream motivational pathways, which ultimately lead to seeking out a mate.  
MEDIAL OLFACTORY TUBERCLE ACTIVITY MOTIVATES FEMALE MICE 
TO INVESTIGATE MALE PHEROMONAL ODORS 
 The mOT has been implicated in numerous reward processes as well as in odor 
information processing, similar to piriform cortex (Ikemoto, 2010; Wesson & Wilson, 
2011).  Using the pharmacosynthetic ‘DREADD’ approach, I infected mOT neurons with 
the inhibitory receptor, hM4Di, which when activated by its cognate ligand (CNO) 
silences neurons via somatic hyperpolarization and inhibition of presynaptic 
neurotransmitter release (Armbruster et al., 2007; Ferguson et al., 2011; Rogan et al., 
2011; Stachniak et al., 2014).  Here, I was able to limit the extent of the infection mainly 
to the mOT, minimally infecting other proximal brain structures.  mOT-hM4Di infected 
subjects, when given a prior injection of CNO, lost their preference for male over female 
urinary odors.  Importantly, hM4Di-infected subjects given saline prior to testing retained 
their normal preference for male odors, as did vehicle-injected subjects treated with either 
saline or CNO, suggesting that the application of CNO alone was not the cause of the 
preference deficit.  
 Rostral mOT infection levels were relatively low: on average, ~20% of mOT 
neurons were infected bilaterally.  I have estimated that this percentage represents 
approximately 4,000 infected neurons in each hemisphere.  This level of infection was 
sufficient to cause a marked reduction in females’ preference for male pheromones 
(volatiles and volatiles+nonvolatiles).  In this experiment, I used a Cre recombinase 
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independent construct, thereby infecting all neuronal subtypes in the mOT.  There is 
currently little known about intra-mOT functional connectivity and, consequently, it is 
difficult to deduce how the inhibition of a portion of its outputs (potentially both 
excitatory and inhibitory) might cause deficits in females’ preference for male 
pheromonal odors.  Additionally, the islands of Calleja, small heterogeneous cell clusters 
located within the mOT, were almost certainly infected in my experiment, and this 
concentrated component of the mOT complex in particular has been hypothesized to be a 
‘hot spot’ for pheromone reward (Novejarque et al., 2011).  Future work should focus on 
determining the functional connectivity between different cell types in the OT as well as 
functional/anatomical differences in their outputs.  It would also be interesting to 
determine if targeted inhibition of neuronal activity in the islands of Calleja is sufficient 
to disrupt females’ preference for male pheromones, as has been suggested (Agustin-
Pavon et al., 2014). 
The OT receives direct input from M/T cells originating in the MOB and has also 
been shown to play a role in odor coding (Payton et al., 2012; Murakami et al., 2005).  
Thus, one might argue that the lack of a preference for male odors observed in mOT 
hM4Di-infected subjects reflected a perceptual, rather than a motivational deficit.  
Importantly, I showed that female subjects could discriminate between the pheromonal 
odors tested (estrous female- and testes-intact male urine), even when mOT neurons were 
silenced with CNO.  This suggests that mOT-DREADD infected subjects, when given 
CNO, did not experience a perceptual deficit.  Rather, it is likely that neurons in the 
mOT, either intrinsically or via their known outputs to motivated brain regions (or both) 
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may function to drive motivational pathways necessary for pheromone-driven approach.  
These results extend what is known about the function of the mOT to include a role in 
pheromone-driven approach/mate recognition behaviors.   
HUMAN RELEVANCE 
 As previously discussed (see Introduction: functional and anatomical overlap of 
the main and accessory olfactory systems), pheromonal communication appears to occur 
in humans (Stern & McClintock 1998; Croy et al., 2012; Savic et al., 2001) despite the 
lack of a functional AOS (Kouros-Mehr et al., 2001; Meredith, 2001).  Although 
controversial, these studies raise the possibility that human pheromonal communication 
exists and that such chemical communication may be mediated by processing along the 
MOS.  The empirical data presented in this thesis provides further evidence for the role of 
the MOS in pheromonal communication in female mice.  From a behavioral perspective, 
I found that female subjects with lesions of the MeP, silenced mOT’s, as well as subjects 
with DA depletion in the anteromedial ventral striatum, lost their normal preference to 
investigate volatile urinary odors from testes-intact males.  Additionally, I found selective 
activation of amygdaloid, cortical, ventral tegmental and ventral striatal brain regions 
specifically in response to male-derived volatile pheromones.  Opposite-sex volatile 
odors presumably activate the MOS (Martel & Baum, 2007) and its downstream 
forebrain targets including the Me as well as hypothalamic and ventral striatal brain 
regions.  It is likely that similar neurocircuitry exists in humans, which may convey and 
interpret human-derived volatile pheromonal odors (e.g., androstadienone, excreted in 
male underarm sweat), and potentially condition behaviors associated with sex-specific 
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olfactory cues.  A detailed understanding of the circuitry that underlies sociosexual 
behavior in rodents could apprise future imaging studies in humans that seek to explore 
the role of putative human pheromones in intersexual attraction in both sexes.  
Additionally, human neuroimaging studies have indicated activation of both the 
amygdala and ventral striatum in response to sexually arousing images (Hamann et al., 
2004; Kagerer et al., 2011), opening the possibility that over the course of primate 
evolution, visual inputs to the amygdala and VS may have largely (but perhaps not 
entirely) taken over olfactory pathways present in ‘lower’ mammals in order to drive 
sexually motivated behaviors.  Or, in another scenario, sexually arousing visual stimuli 
may combine with MOS-mediated pheromonal odors in the human medial amygdala (and 
perhaps also in the ventral striatum and hypothalamus) to synergistically drive behaviors 
necessary for reproduction, including the signaling of male reliability for long term 
romantic relationships in women (Kovacs et al., 2004).   
More broadly, interactions among the brain regions examined in this thesis may 
contribute to the elucidation of fundamental mechanisms by which the brain processes 
social information and thus may have significant implications for understanding deficits 
in social processing that underlie many social disorders in humans, including social 
anxiety disorder, Asperger syndrome, and other associated autism spectrum disorders.  
Furthermore, research suggests that natural rewards (such as sex) and drugs of abuse both 
activate the mesolimbic system (Kelley, 2004) and both induce neuroplasticity (i.e., the 
genesis of new dendritic spines) along this pathway (Bradley & Meisel, 2001; Pitchers et 
al., 2010a).  A recent report by Pitchers and colleagues (2013) demonstrated that sexual 
	  	  
141 
experience in male rats, when followed by periods without sex, caused enhanced 
amphetamine reward.  This effect was correlated with a transient increase in dendritic 
spine number in the nucleus accumbens, mediated by the transcription factor, ΔFosB.  
Thus, both drugs of abuse and natural rewards induce plasticity in the mesolimibic 
system, a phenomenon which occurs via shared molecular mechanisms.  Therefore, the 
work described in this thesis may also have general implications for human addition 
research. 
CONCLUSIONS 
 My research indicates that the MeA and MeP play distinct but complementary 
roles in mediating appetitive and consummatory aspects of pheromone-driven 
sociosexual behaviors.  The MeA and MeP also differentially innervate downstream 
forebrain regions, which have been shown to be involved in the processing of social 
information.  In addition, my work has shown that neurons in the MeA and VTA send 
axonal projections to the mOT which are selectively activated by opposite-sex (male) 
pheromones, but not same-sex (female) pheromonal odors.  Silencing mOT neuronal 
activity via the expression and subsequent activation of the inhibitory DREADD receptor 
(hM4Di) by its ligand (CNO) impairs opposite-sex urinary odor preference in estrous 
female mice.  Lastly, dopaminergic modulation of the anteromedial VS (a region which 
includes the mOT) is also necessary for the display of these same appetitive behaviors.  
Pheromone-driven functional interactions between the Me, VTA, and mOT represent a 
critical segment of the pheromone-reward pathway, motivating female mice to seek out 
and investigate salient male chemosignals.   
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FUTURE DIRECTIONS 
 In chapter 2, I found that the MeP is necessary for both appetitive and 
consummatory feminine reproductive behaviors while the MeA is only necessary for the 
display of consummatory sexual behavior (lordosis).  This result was obtained using 
electrolytic lesions – a relatively dated technique, which destroys not only the area where 
current is injected, but also fibers of passage.  It would be interesting to target the MeP 
using a genetically guided in vivo optogenetic approach.  Here, MeP neurons would be 
infected in a cell type-specific manner (see below) with channel rhodopsin (ChR2) and 
subsequently photo-activated by blue light directed over the MeP while the animal is 
behaving in an odor preference test.  I would predict that driving MeP activity in an odor 
preference paradigm might result in a gain of function, leading to a light-evoked 
increased investigation of male pheromones compared to controls.  Furthermore, in 
experiment 3, I found that the MeA directly targets the mOT, while the MeP sends few 
direct axonal projections to the mOT.  I hypothesized that the MeP innervates the mOT 
via a polysynaptic circuit, possibly including the BNST and PMCo.  To determine if 
indeed functional connectivity between the MeP and mOT exists, one could shine blue 
light over the MeP (previously infected with ChR2 via viral injection) while recording 
from the mOT in an anesthetized in vivo preparation.  If neuronal responses were 
observed in the mOT, then this would confirm the hypothesis that these two regions are 
functionally connected.  Once this is achieved, the location of the light can be moved to 
the BNST and PMCo, regions I hypothesized to be part of the polysynaptic circuit.  
Shining light in the BNST should drive infected axon terminals originating from cell 
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bodies in the MeP.  Again, this pathway can be activated while the animal is undergoing 
an odor preference test to determine if activating this component of the pheromone-
reward circuit is sufficient to increase investigation times for opposite-sex odors.  Similar 
experiments can be done by infecting MeP neurons with archeorhodopsin (ArchT) to 
inhibit neuronal activity and then probe for deficits in odor preference.  If these 
experiments yield positive results, the BNST (and/or PMCo) can next be infected with 
either ChR2 (and/or ArchT) and light can be applied to the mOT while the animal is 
behaving in an odor preference test.  In a separate set of experiments, the MeA can be 
infected with ChR2 and light can be applied to the mOT during an odor preference test to 
evaluate the contribution of the monosynaptic, Me−mOT pathway in pheromone-driven 
approach behaviors.  This would allow investigators to parse out the involvement of each 
circuit segment to gain a more detailed understanding of the functionality of the 
pheromone-reward circuit.  The mOT can also be targeted for ChR2 infection, and light 
can be applied to downstream efferent projection targets of the mOT (e.g., the lateral 
septum) in behaving animals with the goal of expanding our knowledge of the circuitry 
involved in pheromone-driven motivated behaviors.     
One potential issue with the Me-ChR2 infection approach concerns confining the 
spread of the virus to either the MeA or MeP.  This would require a detailed 
understanding of the phenotype of neurons in the MeA and MeP (and in surrounding 
areas) as well as differences in protein expression patterns, which would allow for 
selective genetic targeting.  For example, expression of the transcription factor, Lhx6, has 
been shown to be specific to the MeP, while Lhx5 is thought to be specific to the MeA 
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(Choi et al., 2005).  However, unpublished data from our lab has shown that Lhx6 is also 
expressed in the MeA (and elsewhere), likely making it a poor candidate for genetic 
targeting (E. McCarthy, personal communication).  Along these lines, it would beneficial 
to determine the phenotype of neurons in the MeA and MeP that are selectively activated 
by opposite-sex pheromones.  This can be accomplished by co-immunolabeling neurons 
for FOS and either VGLUT (a marker of excitatory glutamatergic neurons) or GAD67 (a 
marker of inhibitory GABAergic neurons), following a terminal odor exposure for 
opposite-sex pheromones.  This would inform future genetically guided experiments by 
ensuring that the neurons in the Me implicated in pheromone processing are targeted for 
infection with either ChR2 or ArchT.  
 Similar optogenetic experiments to those described above can also be applied to 
other behavioral tests, such as the conditioned place preference (CPP) paradigm.  The 
CPP test has been widely used to determine the reward salience of natural hedonic stimuli 
(e.g., mating, aggression, sucrose, food) as well as abused drugs.  Insofar as I have 
hypothesized that amygdaloid−ventral striatal projections may be important for 
pheromone-driven reinforcing behaviors, the CPP test stands out as an ideal way to test 
this theory.  It would therefore be useful to determine whether activation of either the 
monosynaptic (MeA−mOT) or various components of the polysynaptic 
(MeP−BNST−VTA−mOT; MeP−PMCo−mOT) pathway, when paired with diluted 
opposite-sex urinary volatiles (providing a pheromone context) in a particular 
environment, is sufficient to induce a CPP compared to animals receiving only diluted, 
volatile male odors (without laser stimulation) and animals receiving undiluted volatile 
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male odors (again, without laser stimulation).  Diluted urinary odors appear to lack the 
saliency possessed by undiluted urinary odors, as measured in odor preference tests (T. 
Kunkhyen, personal communication).  Consequently, it would be interesting to determine 
whether light-evoked activation of various components of this putative 
pheromone−reward pathway is sufficient to increase the salience of diluted urinary odors, 
indexed by the acquisition of a CPP for these odors in animals receiving mOT laser 
stimulation. 
Perhaps easier to accomplish would be to bilaterally infect the mOT of female 
mice with the inhibitory DREADD receptor, hM4Di, (as achieved in chapter 5) and 
determine if silencing the mOT with a prior injection of CNO is sufficient to disrupt the 
normal acquisition of a CPP for volatile male urinary odors likely to be observed in 
controls.  This experiment would aid in dissociating the possible role of the mOT in 
pheromone reward vs. attention/arousal.  Conversely, mOT neurons can be driven via the 
activation of the excitatory hM3Dq receptor in the presence of male pheromones and 
extinction of the CPP in the absence of the odor can subsequently be measured.  I predict 
that driving motivational circuits implicated in pheromone reinforcement in the context 
of pheromonal odors would lead to an extended extinction period in infected animals 
compared to controls receiving only the male urinary odor stimulus.  These experiments 
could further affirm the importance of the mOT in pheromone-driven reward.  Also, 
given that DA in the anteromedial VS is necessary for females’ preference for male 
odors, it would be worthwhile to determine if anteromedial VS DA is also necessary for 
the acquisition of a CPP in DA-lesioned vs. control subjects.  DA lesions of the 
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anteromedial VS can be made in an identical manner to that described in chapter 4, 
although the development of an injection method that limits the spread of the neurotoxin 
to the mOT would be most desirable.   
I have shown in chapter 5 that the DREADD technique can be applied to studying 
pheromone−reward circuits in female mice.  In my experiment, multiple mOT cell types 
were presumably infected since the viral construct used was driven by the synapsin 
promotor, which is present in all neurons.  Future work should focus on selectively 
targeting specific cell types in the mOT, such as the GABAergic MSNs that make up 
most of the striatal portion of the mOT.  hM4Di or hM3Dq receptors can then be 
selectively expressed in these neurons along with Cre recombinase under the control of a 
(yet to be identified) promotor specific to MSNs, which can then be purchased from the 
University of North Carolina Vector Core.  This approach would allow investigators to 
determine the specific role of mOT MSNs in pheromone approach behaviors via CNO-
induced receptor activation during an odor preference test.   
Finally, Thompson et al., (2012) showed that TRPM5-expressing ORNs project to 
glomeruli in the MOB that are innervated by a population of mitral cells which project to 
the Me.  This indicates that the TRPM5-expressing ORNs likely convey pheromonal 
information to the Me.  Indeed TRPM5-expressing ORNs innervate a subset of glomeruli 
that respond to putative pheromonal stimuli (Lin et al., 2007).  The former experiment 
was achieved though the use of retrograde tracer injections in a TRPM5-GFP mouse.  It 
would therefore be possible to use the TRPM5 promoter to drive ChR2 expression in 
TRPM5-expressing ORNs via viral injection into the MOE.  Once this is accomplished, a 
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number of optogenetic experiments can be performed.  For example, an optical fiber can 
be implanted in the MOB, which when turned on, specifically activates TRPM5-
expressing ORNs in the MOE.  One can then determine if the activation of this circuit 
leads to an increase in lordosis behavior in females, or mounting behavior in males.  
Preference for diluted opposite-sex urinary odors under the influence of blue light can 
also be measured and compared to uninfected controls to determine if the activation of 
this pathway is sufficient to reinstate subjects’ interest in an odor stimulus, which by 
itself, is not of interest to the animal.  Also, FOS responses in pheromone-recipient 
forebrain targets resulting from light-evoked activation of TRPM5-expressing ORNs can 
be quantified and compared to pheromone-exposed subjects.  These experiments would 
result in a better understanding of the role of peripheral MOS pathways that convey 
pheromonal information in rodents, which may be relevant to human pheromonal 
communication, especially given the lack of a functional AOS in humans. 
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